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HERMANN CARL VOGEL 

By EDWIN B. FROST 

It seems more fitting at this time to record the eminent services to 
science and the principal features of the life of this distin<i;uished 
astrophysicist, rather than to seek appropriate words in which to 
deplore his loss, keenly as we feel it. 

His place will be filled — no one man is any longer indispensable 
in the affairs of any properly regulated institution — and the splendid 
research observatory which he did so much to establish will continue 
its work, doubtless with little departure from the course wliich he had 
carefully laid out for it. But his pioneer researches, and his adminis- 
trative achievements, opening an opportunity for many other sii^nilicant 
investigations by his assistants and successors, have a permanent 
place in science. Their importance will later be even belter appre- 
ciated than now, in the improved perspective which time alone can 
furnish. 

Hermann Carl Vogel was born at Leipsic on April ;;, 1842. A^ one 
of the youngest sons in a large family, in which hi^i^h intt lleelual iikals 
prevailed, rather than considerations of material })rosperit y, hi^ dest iny 
was to be largely in his own hands. His father, Carl C'ri>topli \V).<,^1, 
was a well-known educator, with practical tendencies, and superin- 
tendent of the schools of Leipsic. He was the author of several l)ooks 
on educational subjects and was the founder of the Rnilschuloi of 
Leipsic, which afforded opportunity for a better |)re})arati()n in [)rac- 
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tical and scientific lines for the subsequent university course than did 
the Gymnasia. 

The intellectual inheritance and early training of this family is 
further evidenced by the careers of others of its members. An older 
brother of Hermann, Eduard, after completing a brilliant course at the 
university, was called to London to take part in the work of Mr. 
Bishop's private observatory, then in charge of Dr. Hind. Diverted 
from astronomy by his interest in exploration and the natural sciences, 
he entered in 1850 upon extensive and ultimately fatal travels in 
Africa, under the auspices of the Royal Geographical Society. A sister 
was well known in recent German literature under the pseudonym 
of Elise Polko, wTiting principally on topics connected with music. 

The natural tendencies of Hermann Vogel were toward practical 
things : his early intention was to become a locomotive builder. This 
interest and ability in mechanical matters was of much advantage in 
his subsequent career, greatly assisting him in designing new instru- 
ments and apparatus. While at the Polytechnic in Dresden both of 
his parents died, and his lack of both health and means compelled him 
to forego his ambitions for a profession in technology. At this junc- 
ture relief came in the person of a Russian prince desiring instruc- 
tion in photography, which Vogel later assisted in making such a 
powerful auxiliary of the new astronomy. With the assistance of his 
patron he was able to get a fresh start, and he returned to Lcipsic. 
Here, Carl Bruhns, himself a self-made man, recognizing young VogePs 
ability, gave him a ix)sition in the newly established observatory at 
the princely salary of Si 50 ix?r year. The columns of the Astrono- 
mische Nachrichten from 1866 onward attest to the activity of the 
young assistant in his new position, his observations being chiefly on 
asteroids, comets, and nebulae. 

At this jx^riod Zollner was by his masterly researches opening the 
way for astrophysics, and his influence is doubtless in a measure 
responsible for Vogcrs subsequent interest in this branch. Vogel was 
meanwhile pursuing his studies in the university, although his lack of 
funds did not allow him to hear many of the courses of lectures. In 
1868 he took his doctor's degree at Jena with a thesis on the micromet- 
rical delermination of the positions of nebulae and star clusters, with 
a historical sketch of the observations of nebulae. 
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In 1870 he was appointed director of the newly established and 
finely equipped private observatory of Chamberlain von Biilow at 
Bothkamp in Holstein, not far from Kiel. Here in the next four years 
he planned and executed many important researches in astrophysics, 
which are' recorded in the first two volumes of publications of that 
observatory. A large part of the programme was given to spectro- 
scopic observations of sim, stars, nebulae, planets, comets, aurora, 
and lightning, including line-of-sight measurements on sun and 
stars. Provision was also made for solar photography, the dry-plate 
process of Fothergill, as modified by Gordon, being successfully 
employed (187 1). 

The work at Bothkamp was done with the assistance of Dr. O. 
Lohse, who was subsequently one of the first observers appointed at 
the Potsdam Observatory. 

It is interesting to note that the admirable style of publication 
later characteristic of the Potsdam Publicationen was introduced 
by Vogel in the volumes recording the observations made at 
Bothkamp. 

The work so effectively commenced at the private observatory was 
not long to be continued, for the call soon came to the young man to 
enter the service of the Prussian state, and assist in developing plans 
for an astrophysical observatory to be established in the vicinity of 
Berlin. The brilliant researches of Kirchhoff had aroused the desire 
for such an institution, which at first was planned to be rather a 
Sonnenwarte than a Sternwatte, The interest of the crown prince, 
later Kaiser Friedrich, materially assisted toward the realization of 
the hopes of the scientific men principally active in the new enterprise. 
The minister of education in 1873 appointed a special committee, with 
Professor E. du Bois-Reymond as chairman, and the work of j)repar- 
ing plans for the institution was undertaken by a subcommittee con- 
sisting of Professors Auwers, Forster, and Kirchhoff. In 1874 appoint- 
ments were made of two observers, Professors Vogel and Sporer, the 
latter having become well known for his faithful observations of the 
sun while a teacher in the Gymnasium at Anklam; and to them was 
assigned the duty of planning the initial instrumental equipment of 
the institution, the site for which had now been definitely located in 
the "Telegraphenberg" at Potsdam. In connection with these 
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duties Vogel made a visit to England, Scotland, and Ireland, ordering 
some of the instruments. Otherwise he traveled but little. 

The first idea of having the new institute associated with the Obser- 
vatory of Berlin was given up, and no provision was made for instruc- 
tion. The observatory was not completed until 1879, ^^^ during 
these five years largely devoted to planning and executive duties, 
Vogel's observational activity was not suspended, and a number of 
his earlier pieces of work were published. Until 1882 the scientific 
and business administration of the institution was provisionally in the 
hands of a directorate consisting of the three gentlemen previously 
serving as a subcommittee. Vogel was then appointed director, a 
position he was to fill with eminent success for the next quarter of a 
century. 

The equipment of the new institute was admirably adapted to its 
purposes, and fairly liberal appropriations were made for new appara- 
atus; the principal telescopes (refractors of i3-,8-, and 5-inches aper- 
ture) were, however, comparatively small. Activity was principally 
directed to celestial s{x^ctrosco])y, celestial photometry, observations 
of the solar surface, both visual and photographic, direct planetary 
observations, and laboratory investigations of a {physical nature. The 
director was fortunate in his choice of assistants, as the budget gradu- 
ally permitted an enlargement of the staff; resuUs were promptly 
published, in se|)arate parts, as they were ready, in a clear and sutTi- 
ciently detailed manner, which might well serve as a model for other 
institutions; and the premier position of the observatory in astro- 
physics was very soon established. 

During Professor \'ogcrs administration the princii)al new develop- 
ments were (1) the application of photogra})hy in stellar spectroscopy, 
particularly for determinations of velocities in the line of sight; (2) 
the construction of a new style of instrument (32 -cm refractor) for 
stell'ir photograi)hy, and co-o|)eration in the planning and subse(iuent 
■ work on the astrographic chart; (3) the construction and equipment 
of a large (80 cm) refractor particularly a(iai)ted for astrophysical 
research. 

The first of these new departments opened the way for the modern 
investigations of the radial velocities of stars; it caused the evolution 
of the spectroscoi)e into the spectrogra})h, and led to new types of 
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construction of that effective instrument both at Potsdam and else- 
where; it carried much farther the pioneer work of Huggins on 
photographic spectra of stars. It also led (1889) to the spectrographic 
demonstration of the correctness of the eclipse theory of the light- 
variation of Algol y which Vogel had unsuccessfully attempted with a 
visual spectroscope in 1875; ^^^ ^^ *^^ discovery of the existence of 
spectroscopic binary systems in which one component star was 
relatively dark {Spica^ 1889). VogePs name will perhaps be longest 
remembered for this discovery of spectroscopic binaries ; and he will 
share in its credit with Professor E. C. Pickering, who was simul- 
taneously interpreting in a similar manner the varying duplicity of 
lines in the objective-prism spectra of Mizar and ^ Aurigae, 

By his use of metallic terminals (iron) as a source of the comparison 
spectrum, in addition to, or substitution for, the hydrogen tube 
generally employed, Vogel also opened the way for what is now the 
universal practice, although he seems not to have fully appreciated 
its advantage, and only employed the method in exceptional cases. 

In 1892 he was able to publish (Bd. VII, Theil 1) a catalogue of the 
radial velocities of 52 stars determined with a precision very superior 
to that of the visual measures then extant, which were hardly compe- 
tent to give even the direction of motion of the stars — whether approach 
or recession; and in view of the extreme difTiculty of such measures 
visually, this may be said without any discredit to the visual observers. 
In these spectrographic investigations, as in many others, Professor 
Vogel had the efficient collaboration of Dr. Scheiner. 

With this list of stars the limit of the 12-inch (30 cm) Schroder 
refractor was practically reached for spectrographic observations, and 
for this work the director's desire grew keener for a larger telescope, 
comparable with those in use in foreign observatories. But the 
government's financial condition did not then permit the desired 
enlargement of the telescopic equipment. 

Meanwhile the observatory undertook an active ])art in the ])repara- 
tions for the astrographic catalogue (but abstained from co-o])erating 
on the astrographic chart), and the photo f]^ai)hic refractor of 32 . 5-cm 
(12.8 in.) aperture and 343-cm (145.7 in.) focal lent^lh was desij^med 
on a new principle and constructed by Rei.)sold (optical parts by 
Steinheil). The pier was made of two riveted castings set at such 
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an angle that the upper casting pointed toward the pole/ permitting 
an unhindered motion of the instrument in right ascension (a point 
of great importance in long exposures) and combining the advantages 
of the so-called "English" and "German" types of mounting. The 
guiding telescope, rigidly attached within the same tube, is of aperture 
23.5 cm and of the same focal length. This effective telescope 
was Vogel's favorite instrument in recent years and he designed in 
succession a number of spectrographs for it, after a provisional spec- 
trograph had yielded useful results on Nova Aurigae in 1892. 

In conjunction with Professor Wilsing he published in 1898 a 
valuable work of reconnaissance entitled Untersuchungen iiber die 
Spectra von 528 Sternen (from spectrograms taken with this telescope), 
dealing principally with stars of the first type and referring especially 
to the presence in them of helium. Professor Vogel's last published 
paper (constituting Part i of the fifteenth volume of the Potsdam 
Publications), issued shortly before his death, gives a detailed descrip- 
tion of " Die zwei Doppelrefraktoren des Observatoriums," referring 
to this telescope and the great 80-cm refractor to which allusion will 
next be made. 

It is doubtful if any large refractor has ever been constructed with 
a more thorough advance study of its adaptation to the purposes for 
which it was to be used than this great photographic telescope of 
31.5-inches aperture. Extensive measurements were made at the 
observatory of the absorption of various kinds of glass for the different 
rays, and the size of the objective was determined in accordance with 
the data gained.' During the years of waiting for the necessary 
grant from the government, the details of the mechanical construction 
had been minutely worked out, so that contracts could be let quite 
promptly after imperial influence had led to the authorization of the 
instrument in 1895. Some features were novel, particularly in regard 
to the observing platform. The large object glass, when delivered, 
was subjected to more extensive and thorough tests, chiefly by Pro- 

I It was long supposed by all concerned that this design was unique, but it sub- 
sequently appeared that a similar type of construction had been used at the Orwell 
Park Observatory, Ipswich, England, in 1874. 

a H. C. Vogel, "The Absorption of Light as a Determining Factor in the Selec- 
tion of the Size of the Objective for the Great Refractor of the Potsdam Observatory,'* 
Astro physical Journal, 5, 75-91, 1897. 
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lessor Hartmann, than has probably ever been the case previously. 
In his last paper Vogel gives an interesting account of these investiga- 
tions, which must have given him much concern, and he candidly 
prints both the more favorable and the less favorable opinions of 
those charged with making trials of the performance of the lens. This 
somewhat extended reference to the construction of these telescopes 
is made here, because they absorbed no small part of the director's 
energies in recent years. He writes with a natural satisfaction that 
during his administration the instrumental equipment could thus be 
brought to a certain state of completeness, particularly as provision 
had also been made for seciuring reflecting telescopes of short focus, 
the advantages of which he fully appreciated,' 

In his astrophysical researches and publications Professor Vogel^s 
attitude was rationally conservative, but his mind was fully open to 
new developments. His point of view may be seen from Newcomb- 
Engdmanns Populdre Asironamie, two editions of which he edited. 
The last edition (1905), practically a new book, is now probably the 
best work on astronomy for the general reader. Of his contempo- 
raries in pioneer astrophysical research, he seemed most in sympathy 
with Huggins, whose views were much like his own. 

VogePs published papers are very numerous. Aside from his many 
observations and orbits computations on asteroids and comets, he 
observed the satellites of Jupiter and Uranus^ and triangulated the 
star cluster % P^sei while at Leipsic. He also made an extended 
study of the absorption in the solar atmosphere of the chemical rays, 
which was published in the Berichte of the Royal Saxon Academy for 
July I, 1872. This research was extended to the yellow rays at Both- 
kamp, and was later (1876) greatly broadened so as to include many 
spectral regions, the observations being made with Vogcl's modifica- 
tion of the Gkn spectral photometer attached to the 9-inch refractor 
of the Berlin Observatory. It was published under the title ''Spec- 
tralphotometrische Untersuchungen insbcsondere zur Bcstimmung 
der Absorption der die Sonne umgebenden GashuUe,'' in the Monats- 
hericht of the Berlin Academy for Alarch, 1877 (41 pages). A brief 
set of spectral photometric observations of stars was also made at 

» H- C. Vogel, "On Reflecting Telescopes of Relatively Short Focus," Astro- 
physical Journal, 23, 370-389, 1906. 
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Berlin, in conjunction with Dr. G. Muller, and later published by 
the same society. 

An early investigation of much imjx)rtance was U titer suchungen 
fiber die Spectra der Planeten (8vo, pp. 64, Lcipsic, 1874), which was 
successfully submitted for a prize competition of the Copenhagen 
Academy of Sciences. These difficult visual observations were made 
at Bothkamp and include all the major planets, two asteroids, and the 
satellites of Jupiter. Twenty-one years later Vogel contributed to the 
Berlin Academy a paper upon the same subject: '*Neuere Unter- 
suchungen liber die Spectra der Planeten.'' He comments on the fact 
that the observations of planetary spectra elsewhere published in the 
lapse of two decades had hardly done more than confirm his original 
results. This later discussion of the subject was based upon spectro- 
grams taken for the most part with low dispersion, but not including 
the more refrangible regions of the spectrum. In the case of Mars, 
Vogel also made visual observations which appeared to confirm the 
earlier detection of atmospheric bands. 

At Bothkamp he observed the Doppler efi'ect at the opposite limbs 
of the sun, due to its rotation, and he made some observations of sun- 
spot spectra and prominences; but in solar spectroscopy his principal 
piece of work was his Unlersiichungai iiber das Sonnetispectrum (Part 
III of the first volume of the Potsdam Publications), in which, in con- 
junction with Professor Muller, he measured directly and on photo- 
graphs the positions of some 2,600 lines between E and H, referred to 

o 

Angstrom's scale, and charted their positions in an atlas. The inac- 
curacy of Angstrom's system being increasingly felt, new absolute 
determinations of the wave-lengths of 300 lines in the solar sj)ectrum 
were later made by Muller and Kempf, and the 2,600 lines of Vogel's 
list were re-reduced to this system. These, with others measured by 
Muller and Kempf, making a total of 4,020 lines, constituted the 
Potsdam system of wave-lengths. But Rowland's ])hotographic map, 
made with the concave grating, and his more extensive tables of wave- 
lengths, soon appeared and naturally superseded all others. 

Vogel's field for personal research in the last twenty years was 
almost entirely in stellar spectroscopy. He liad devoted much time 
to visual sjx'ctra at Bothkamp, and upon those observations he based 
his wi(k^ly used classification of stellar spectra, first stated in Astrono- 
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mische Nachrtchten, (84, 113, 1874). While adhering to Secchi's classi- 
fication in a general way, Vogel enunciates distinctly that the guiding 
principle should be that of stellar development. He regards Secchi's 
third and fourth types as co-ordinate, distinguishing them as sub- 
divisions of his third type. VogePs system also makes an important 
addition, in differentiating three subdivisions of the first type, thus 
providing for stars of the Orion type and those having bright lines like 
7 Cassiopeiae, He also added a second subdivision to the second or 
solar type, lift, to include stars of the Wolf-Rayet type, having bright 
lines. 

In a paper presented to the Berlin Academy in 1895, '*Uebcr das 
Vorkommen der Linien des Cleveitgasspectrums in den Slernspectren 
und iiber die Classification der Sterne vom erstcn Spcctrallypus,'* 
he avails himself of the data meanwhile gained by photography, and 
particularly after the discovery of helium, and the assignment to it of 
many significant lines previously unidentified, and he further difTcren- 
tiates the spectra of the first type. Subdivisions lai and \a2 and lai^ 
represent very marked differences in spectra. This rcslalemcnt of 
his classification, particularly applying to the first type, is also gi\cn in 
the valuable paper on the spectra of 528 stars, already referred to 
(Bd. XII, Stiick i, Ptiblicationen^ Potsdam). 

An earlier spectroscopic investigation, undertaken in conjunction 
with Dr. Miiller, forms the third part of the third volume of the obser- 
vator}''s publications. It was the beginning of an attempt at a s}jec- 
troscopic Durchmusterung of all the stars to magnitude 7 . 5 (inchisive) 
of the northern heavens. This paper (published in 1883) gives the 
results of a visual examination of over 4,000 such stars in the zcmc 
from — 1° to -I- 20° of declination. All honor to the skill and jxTse- 
verance of the observers! Present-day workers who have dealt 
wholly with photographic spectra can scarcely appreciate tlie ditricul- 
ties of such visual observations. This particular investigation was not 
extended to other zones, as the paramount advantages of photograpliy 
for such surveys had meanwhile been demonstrated, princii)ally at 
the Harvard Observatory by E. C. Pickering. 

After his election to a seat in the Berlin Aca(k^my of Sciences in 
1892, VogeFs papers chiefly appeared in the ])ublications of that 
society, and were commonly translated for the Astrophysical Journal 
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from advance sheets at his request. These papers show the same 
careful study, and cautious, undogmatic expression, in regard to the 
qualitative part of an investigation as to its quantitative features, and 
they may well serve as models for younger men. Among these articles 
the following may be mentioned particularly: 

"Ueber den neuen Stern im Fuhrmann," 1893, an especially 
thorough study of Nova Aurigae (60 pages). 

^^Ueber das Spectrum vom ^ Lyrae,^^ 1894. 

"Ueber das Spectrum von Mira Celi^^^ 1896. 

"Ueber das Spectrum von a Aquilae und iiber die Bewegungdes 
Sterns im Visionsradius/' 1898. 

"Ueber die in letzten Decennium in der Bestimmung der Stern- 
bewegungen in der Gesichtslinie erreichten Fortschritte," 1900. 

"Ueber das Spectrum der Nova Persei/^ 1901. 

"Der spectroskopische Doppclstern Mizar,^^ 1901. 

"Ueber die Bewegung von a Persei in der Gesichtslinie," 
1901. 

**Ueber die Bewegung des Orionnebels im Visionsradius," 1902. 

" Der spectroskopische Doppelstcrn o Persei^^^ 1902. 

" Untersuchungen liber das spectroskopische Doppelsternsystem 
fi Aurigae'' 1904. 

Appreciative references to Vogel's many inventions and devices in 
connection with spectroscopic apparatus will be found throughout 
Scheiner's Spectralanalyse der Gestirne, 

Personally Professor Vogel was quiet and reserved; his health 
had been poor for a number of years, and it was only by the strictest 
care of himself that he was able to accomplish so much. He was a 
staunch friend, and always encouraged conscientious work of men 
younger than himself. Faithful to the memory of an early attachment 
he never married, but he took a warm interest in the Familiengluck of 
his friends. He found great solace and relaxation in music, and both 
a large and small organ were at hand in his house. Sometimes, too, 
he went down to the famous old church in the crypt of which lies the 
body of Frederick the Great, and there played on the large organ with 
himself the only auditor. He had always been interested in ento- 
mology and had a fine collection, which he delighted in showing to 
interested friends. He frankly appreciated approbation, and was 
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the recipient of many honors, and of elections to membership in most 
of the leading learned societies of the world. 

The condition of his health took a rather sudden change for the 
worse in the past summer, and on the evening of August 13, he passed 
away. Two days later he was borne for the last time to the great 
dome, where fimeral services were appropriately held on August 17. 

His achievements in research now become a part of scientific 
history; the memories of his personal qualities are a priceless posses- 
sion of those privileged to be his friends. 



CONTRIBUTION TO THE STUDY OF THE PHOTO- 
SPHERE 

By S. chevalier 

Although originated by M. Jansscn at Meudon thirty years ago, 
the study of the granules of the photosphere has, as far as I 
know, made but little progress. But many questions may be raised 
concerning these granules. Besides those of a theoretical nature, 
which are still remote from our knowledge, there are many which 
do not transcend the mere statement of existing reality, and never- 
theless they cannot be settled without difficulties. The dimension 
and form of the granules, their formation and transformation, their 
movements on the surface of the sun are some problems to which a 
good deal of attention has been paid at Z6-s^ during the last two years. 
Though our investigation of the question is still far from being 
complete, the results already obtained seem to be worthy of publica- 
tion. 

Visual observations seem utterly powerless to solve such problems; 
photography therefore must be resorted to, if we are not reduced to 
the spectroscope alone. But though it is generally admitted that 
photography is not unsuited for the study of the photosphere, it 
must be confessed that photograj)hs which can be used for this 
purpose are quite difficult to get, and when obtained, their interpreta- 
tion is a matter of no little difficulty. The photogra])hs made at Meudon 
by M. Janssen, though remarkably fine and clear, were crossed by a 
series of figures either circular or polygonal. While in the intervals 
between these figures the granules were quite clear and well shaped, 
inside of the figures they were distorted and tempest -tossed, so as 
almost to disapj)ear. This a])])earance was considered by the best 
observers as due to a solar phenomenon, and was called by M. 
Janssen ^'j)hotospheric reseaiiy Nevertheless, this net of figures 
has nothing to do with the ])hotosj)here. As far as I know this fact 
is now generally acknowledged. In the Bulletin dc la socictc astro- 
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nomique de France for April 1906, M. Hansky, in a paper entitled: 
" Photographic de la granulation solaire," begins as follows: 

Les travaux de M. Janssen ont fait dpoque dans les dtudes du soleil. Dans 
ce genre de recherches Pagitation de ratmosphfere trouble les images de telle fa^on 
que dans quelques endroitsdu disquesolaire seulement, on obtient la photographie 
de la surface granulaire; le reste est flou et n'est que Timage des ondes de notre 
atmosphere qui passent au moment de la pose entre I'objectif et le soleil. Ainsi 
s'expliquent les diff ^rentes espfeces du r&eau photosph^rique ddcouvert par M. 
Janssen. 

Les conditions atmosph^riques permettant d'obtenir la vraie forme de la 
granulation solaire sont si rares que, mtoe dans la grande collection des photo' 
graphies du soleil de Tobservatoire de Meudon, on n'en trouve que tr^ peu sans 
r^seau photosph^rique. Parmi les meilleures faites dans I'intervalle de quelques 
minutes on ne reconnalt plus les mtoes granules. Et m^me les photographies 
faites simultan^ment avec deux lunettes semblables n'ont donn^ aucune ressem- 
blance dans les details de la surface solaire. 

This last fact is quite surprising, as the clear places of these photo- 
graphs represent unquestionably the true granules of the {)hotosphere; 
unless, indeed, they were so spoiled by the spurious rdseau^ tlial the 
places which were clear on one photograph happened to be troubled 
on the other. 

As to the cause of these troubles, M. Hansky looks for it in t he- 
at mospheric waves between the object glass and the sun. Tliis does 
not seem at all impossible, but as it is not altogether evident, there 
is room for some other assumption, and as the matter is worth dis- 
cussing, the arguments in favor of a contrary oi)in ion will not hv out 
of place here. Since the phenomenon is not solar, \vc can assume: 
(i) that it is produced by waves of the air, there is no olhcr causi" to 
answer for it; (2) that these waves, whether inside or oulsick" of the 
telescope, must be remote from the object glass and near the focal plane, 
if inside; or so distant, if outside, that their imai^^e may be formed 
near the focal plane. Now if we supi)0se that these areas of confused 
granules are images of outside waves, it seems (juile evident that 
they will be printed on plates placed at the focus of the refractor, 
as well, and as often as in an enlargin<^^ camera. Indeed, every 
atmospheric wave at infinite distance for a refracting system ecjuiva- 
lent to an object glass of 20 meters focal length, will certainly he so 
for a telescope of 7 meters. But according to our own experience. 
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this is not a fact. While this riseau is quite frequent when working 
with an enlarging camera, it is but slightly marked here and there 
on the plates placed at the focus of the refractor. Whenever the 
images of the sun are very fine, the granules of the photosphere are 
brought up on the latter plates, equally quiet and well shaped every- 
where. Soon after, when working with an enlarging camera, we 
see the granules appear here and there quiet, here and there confused, 
here and there as if blown with a tremendous wind. 

As this fact is general, I conclude: first, that the cause which 
brings up the areas of confused granules, so strongly and so generally 
marked on photographs obtained with an enlarging camera, is not 
outside, but lies somewhere inside of the telescope, and depends on 
some of the new conditions introduced by the camera; and secondly, 
that this fact entitles us to suppose that very probably the similar 
markings which appear on plates placed at the focus are due also to 
waves inside of the telescope. 

Among the new conditions introduced, the most striking is certainly 
the addition of a new refracting system very near to the focus of the 
first object glass. It cannot fail to be intensely heated and consequently 
the air brought in contact with it must be set in motion. This lens, 
at least when it consists of a large concave lens placed inside of the 
focus of the telescope, is not contributing with every part of its surface 
to the formation of the image of every point of the sun. The rays 
of light, converging to form the image of a point, pass through only 
a portion of it. Small waves on its surface therefore may disturb 
several parts only of the image, and produce the so-called photo- 
spheric reseau. In case of a convex magnifying glass, the disturbances 
in the focal plane of the telescope would be photographed together with 
the image of the sun. As no other condition introduced by the enlarg- 
ing camera seems so adequate to the production of this phenomenon, 
we may rationally suppose that it is due to this cause. 

Guided by these considerations, I tried some experiments to see 
how far facts would support my view. I used an enlarging camera, 
first shutting out the rays of the sun some distance ahead of the 
magnifying lens and admitting them just at the time of releasing the 
shutter. I then allowed the rays to reach the lens for some time before 
releasing. If the reseau is produced by the lens the photographs 
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would be diflferent in the two methods. Otherwise they would not. 
I found that there was always much to be gained by the first mode of 
operating, and the longer the exposure to the sim, even within five 
minutes, the worse were the photographs. 

The magnifying system employed in these experiments is formed 
with two lenses. The first, which is carried inside of the focus of 
the telescope, is a convexo-concave lens of 30 mm aperture ; the second, 
at an invariable distance from the first, is a biconvex lens of still less 
diameter and focal length. Besides photographing only a small 
portion at a time, the system is probably otherwise ill adapted for 
photography of the sim. The air inclosed in the brass tube between 
the two lenses must be intensely heated and set in motion. I hope 
soon to be able try another system and complete these experiments. 

As to the traces of this riseau foimd on plates placed as the focus 
of the telescope, though I could not for the present assert anything, 
I incline to think that they are due also to air waves inside the tele- 
scope. We can well fancy such a combination of short atmospheric 
waves that would produce this eflFect. But whether this conception 
is consistent with the state of our atmosphere is not so evident. 
Although I do not intend to discuss all the conditions requisite for 
good photographs of the photosphere, I think advisable to discuss 
here two opinions which are generally held by astronomers. 

The first is relative to the dimensions of the images necessary to 
bring up the details of the photosphere. M. Janssen in his note on 
the photospheric riseau {Annuaire du bureau des longitudes^ 1878) 
wrote: "Les images dont le diamfetre ne passe pas 10 k 12 cm ne 
peuvent montrer les dftails de la structure photosph^riciue.'' This 
assertion, based on the experiments of the author, must be accepted 
as undoubtedly true under the conditions in which he was working];; 
viz., with an object glass of a rather short focal length and a magnify- 
ing system. But it cannot be extended to the case of an object glass 
of a rather large aperture with a proper focal length. In fact, we 
get at Z6-sfe the details of the photosphere on images of scarcely 
more than half the size specified, viz., 63 to 65 mm. This may be 
the smallest possible size, as most of the granules are not more than 
0.03 mm. in diameter on such photograi)hs. But this shows that 
a simple object glass of long focal distance with a convenient aperture 
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is far better than any other system of refractors. The second question 
is relative to the time of exposure neccssar)' to bring up the details 
of the photosphere. Mr. Maunder, at a meeting of the Royal 
Astronomical Society in speaking of the photography of the sun 
at Greenwich, said : 

The great difficulty in solar photography is getting the exposure sufficiently 
short, and in summer time the normal exposure given is equivalent to 30V0 part 
of a second. This in order to bring up spot detail. To bring up granulation 
detail, as in M. Janssen's photographs an exposure shorter still must be given.' 

There are two points in the statement of Mr. Maunder which do 
not agree at all with our experience at Zo-sfe: first, that to bring up 
photospheric detail it is necessary to give a shorter exposure than 
to bring up spot detail; second, that so short an exposure as 0^0003 
is necessary to bring up spot detail. If by spot detail he intended to 
include only the larger features of a sun-spot, as umbra, j^enumbra, 
and bright "bridges" over the umbra, we should agree with him 
that they are more easily brought up than the photospheric details. 
But if, as we think, the thin filaments of the penumbra, or faint details 
of the umbra were meant, then our experience is certainly to the con- 
trary; it is much easier for us, with the same exposure, to bring up 
the photos])heric details. With our object glass diaphragmed to 30 
cm the exposure for a plate at the focus of the telescope is o!ooi, 
but is equivalent to 3,/,,,/ P^rt of a second as at Greenwich. 
When working with a camera magnifying the image to eleven diam- 
eters we make the exposure equivalent to o'ooi. In case of fine 
and quiet images, a rare occurrence indeed, we do not fmd these expo- 
sures to be too long either for photosi)heric detail or for spot detail. 
In other cases, the shorter llie exposure the less the j)hotograph is 
troubled by the motion of the air in every kind of detail. 

It would be interesting to know whence come these dilTerences; 
but I can only surmise that the kind of ])lales used and the method 
of development ado])te(l have much to do witli tliem. Wx' have tried 
plates of several makes and found that, for clearness of the image 
and ])lenty of minute drlails, there are enormous dilTerences between 

' The L^fist'ri'iitory, 30, 7O, Kjoj. 

^ The >lit of our .sluitlcr is 1 nun hroad, its >»j>t*cfl is nearly i mm in o?ooo3; on 
account of it- rlj^tand- from tlu- plate, \hc strij) of j^lali- i-.xposcd at one time is 3 mm 
broad. 
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plates even when nearly of the same sensitiveness. All the chloride 
or so-called lantern plates have been found by far inferior, for this 
work, to the slow bromide plates, such as the Lumifere Red Label 
plates. 

I come now to the results of our research on the granules of the 
photosphere. I will say a few words on their dimensions and forms, 
their duration, and their movements on the surface of the sun. As all 
these results depend on our photographs, I must first present to the 
reader the plates selected to illustrate this paper. 

The first is an enlargement to eleven diameters of a photograph 
obtained on July 3, 1906, at 8^ 59°*. It is specially intended to exhibit 
on a convenient scale a portion of .the photosphere, large enough to 
show its general appearance. It is not the best specimen we could 
produce, but it has been purposely selected for the traces of photo- 
spheric rtseau it bears. There are certainly disturbed places, but 
details are not all confused beyond recognition. The two following 
plates are intended, on the contrary, to make clear the minute details 
of the granules of the photosphere. The enlargement of the original 
plates has been carried to 33 diameters so that one millimeter on these 
photographs represents only 0^9 on the disk of the sun. Each 
plate contains a set of two photographs taken within one minute of 
each other; and the portion of the disk found on the two photographs 
is exacdy the same. The diflFerences observed in the granules of the 
two images therefore must, if we were not mistaken, be accepted as 
representing changes which really took place on the surface of the 
Sim. Defects of the film of the original plates have been purposely 
left uncorrected, but they are apparent, and with some caution the 
reader will distinguish them from the true features of the photosphere . 
When one takes several photographs of the sun within a short space of 
time, many diflFerences are often noted mostly coming from dilTcrence 
in clearness in the photographs. But I think that in the present case 
the reader will distinguish what is due to a defect of the film or to 
diflFerences in clearness from what is caused by real changes in the 
photosphere. 

Form and dimension of the granules. — The diameter of the 
granules as measured on the present photographs varies nearly 
from i" to 3". It would be quite useless to measure a great number of 
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them in order to get a mean diameter, inasmuch as their edges are 
by no means sharp and definite. We must rather inquire whether 
i" is really the lowest limit of the granules. In fact, on the original 
plates, i" represents 0.03 millimeter, which is very nearly the smallest 
detail obtainable by photography, especially with such a difl&cult 
object as the sim. On pictures of sun-spots taken with the help of 
an enlarging camera, the lowest limit is certainly below i". For 
instance, on the photograph of a sim-spot reproduced in the Astro- 
physical Journal, May 1907, many granules were found, particularly 
near the spot, the diameter of which does not exceed 0^3; and in 
many places it looks as if the larger granules were formed by the 
union of smaller ones. I found indication of the same formation 
on several other photographs taken with the same instrument. And 
of course it is very probably so. There is, however, no substantial 
difference between the photosphere and its granules as they appear 
on these photographs, and those we now present, obtained by enlarge- 
ment of plates taken at the focus of the telescope. Everyone can see for 
himself that the granules are of a more or less circular form, or rather, 
are ellipses of small eccentricity. This common shape is often altered ; 
but very generally it looks as if it was so by outward circumstances, 
as pressure from other granules, union with some other one, etc. 

It would be a mistake to look at those granules as at individual 
clouds without any connection. It is easy to see that there are four, 
five, six, or more of them grouped together to form what might be 
called primary groups, which combine together to make larger figures. 
The quite irregular shape of these figures is marked by broad dark 
lines meandering through the groups of brilliant granules. They 
form a compact net of a true photospheric nature. Plate I shows 
a great number of these lines. 

Are these broad or narrow dark lines identical in substance with 
that of the brilliant granules they are meandering through; or are 
they a part of the gaseous atmosj>hcre in which the granules, or 
photospheric clouds, are floating? Young' writes: '^They (the 
granules) are luminous clouds floating on a less luminous atmos- 
phere." Secchi^ says: ^'Les grains paraissent comme suspendus 

* Textbook of General Astronomy (revised edition, p. 196). 
2 Le soleil {2^' cditicm, i''*^^ partic, p. 52). 
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dans un r6seau noir et entremfilfe de noeuds plus ou moins sombres, 
plus ou moins larges." That the granules are clouds of condensed 
particles, either liquid or solid, seems unquestionable, but that the 
darker lines consist of a gaseous atmosphere in which the clouds are 
floating is not so evident. They may be as well formed of the same 
particles, less luminous only because, being at a lower level, they are 
covered with a thicker stratum of chromosphere and reversing layer. 
Wth all respect to the high authority of Young and Secchi, I think 
the latter view is more consistent with the aspect of the photosphere 
on photographs, as well as with spectroscopic observations. On 
the photographs the photosphere looks like an extended and unbroken 
layer. It must be formed of condensed particles of many of the 
substances composing the gaseous mass of the sun. The external 
surface exposed to our sight, far from being plane and uniform, 
presents an aspect much like the fleecy form of our alto-cumulus 
clouds. 

Here arises a question the solution of which would be of great 
interest, viz., are the granules always of the same form; or are there 
various forms of photospheric clouds, just as there are widely dif- 
ferent forms of atmospheric clouds? Secchi' gives three drawings 
of the photosphere, Figs. 21, 22, and 23 of his work, and says: 

La comparaison des diff brents dessins que nous reproduisons peut faire 
appr^ier les differences d'aspect que pr6sente la photosphere, suivant les dpoques 
otlon robscrve, et peut-^tre suivant les observateurs et les moyens qu'ils emploient. 

In this last sentence, Secchi took a very wise stand. In fact, if 
the diflFerences of the drawings represented true changes in the photo- 
sphere it would be evident that there are photospheric clouds as widely 
different from each other as our various kinds of clouds. But very 
probably, and, I dare say almost certainly, they arc merely differences 
of clearness of the images at the focus of the refractor. I could 
easily produce photographs showing as much ditTerencc in the photo- 
sphere, but never with the same clearness of the images. Whenever 
the plate does not show the granules distinctly there is on the plate 
a lack of clearness, which becomes evident when examined with a 
powerful lens, or when enlarged to 20 or 30 diameters. In such 
cases, on accoimt of a disturbed atmosphere, merely the ])rimary 

» Loc. cU. 
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groups of granules, or even the larger groups alone, are brought up 
on the photographs. Whenever the photograph is very clear it 
exhibits a photosphere very nearly the same in its general aspect as 
the photosphere of any other day, and the diflferences are not easy to 
grasp and describe clearly. It is supposed that the granules are 
now more circular, now more elliptical, sometimes larger, sometimes 
smaller. I also surmise some systematic diflferences in the grouping 
of the granules as well as in the form of the meandering dark lines of 
the photosphere. But I have not come to any definite conclusion. 
This field of investigation is new and difficult. We hope to be able to 
give it more attention. 

Duration of the granules. — The time that elapses between the 
formation of a granule and its disappearance is very short.' After 
only ten minutes or so nothing remains that can be recognized on 
the surface of the sun except spots and faculae. I have compared 
photographs taken at intervals of seven minutes, and not a single 
granule of the first could be found on the second. But there were still 
several features of the broader dark lines, several of the larger groups 
of granules which, though much altered, could still be recognized, 
as remains of the photospheric clouds brought out on the first photo- 
graph. On comparing other plates taken at an interval of two minutes 
and a few seconds, I found that although many groups of granules 
were changed in form, most of their features were still easily recog- 
nizable and the individual granules had not yet all disappeared. 

The two photographs of July 24, on Plate IV, were made at an 
interval of 50 seconds. Quite a number of individual granules are 
found on both, with hardly any change. Some are altered in their 
shapes,'some are more conspicuous on the first plate and have grown 
fainter or smaller on the second; some, on the contrary, have gained 
in size. On account of the differences in the plates themselves, the 
recognition of the real changes in the granules requires much attention. 
As to their explanation, my impression is that some granules look 
brighter or larger simply because they have risen to a. higher level, 
while others have sunk down, and consequently have become less 
brilliant. We cannot say how far this rapidity of formation and 
change is constant. Is there any connection between the periodical 
activity of the sun and this rapidity of change in the photosphere? 
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This is an unexplored field of research which promises results of real 
interest. 

Horizontal movemerUs of the granules. — In the paper already 
referred to, M. Hansky paid a great deal of attention to this subject, 
and excited the widest interest in declaring that the granules of the 
photosphere were moving on the surface of the sun with enormous 
velocities reaching to 40 km a second. I was the more interested, 
as I was at the time engaged in a study of the photosphere. I easily 
realized how necessary it was to take up the important research 
so admirably initiated by M. Hansky, and included in my studies 
the measure of the movements of the granules. I give my measures 
with all reserve, as it is very difficult to reach any accuracy in 
measuring the displacement of a granule. Indeed the displacement 
to be measured is small relatively to the diameter of the granules, 
which are, moreover, inconstant in shape, while their edges, and con- 
sequently their centers, are far from being well defined, with the 
result that there is a complete want of a fitted point. On the other 
hand, in computing the velocity of the granules, the error of measure- 
ment is divided by 30 or 50, the number of seconds elapsed between 
the two photographs — a circumstance which makes it possible to 
obtain a better determination. I think it best, therefore, to explain 
how I endeavored to get as fair measures as possible, and how the 
values obtained were tabulated. A few conclusions will then be 
given. 

For each pair of photographs I first made two positive plates, 
and looked for all the granules which were perfectly definite on both. 
On each plate I marked with a red dot the center of each granule. 
Having so marked many granules, I superposed the plates, trying to 
obtain as fair an agreement of the granules, throughout the two 
plates, as I could. Taking every care to avoid parallax, I marked 
on the upper plate the red dot of the lower one, wherever it did not 
prove coincident with the upper one. I then took away the upper 
plate on which the horizontal movements of the granules were sliown 
by the distances between the red dots. The plates were examined 
again to see whether some slight error had been made in pointing 
the centers, and the distances of the red dots could be attributed to 
such errors. In several instances where the displacement was very 
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small, it might easily have been so; as also, where the centers had 
been considered as coinciding, a ven* small displacement was not 
altogether imfx)ssible. But I was satisfied that the distances I had 
obtained were, on the whole, as close an approximation to the truth 
as could be hoped for. Micrometric measures would have been 
easy but to no purpose. The distances were consequently measured 
to one or two tenths of a millimeter with a millimetric rule and the 
help of a magnifying glass. 

To transform the resulting distances into kilometers, I made the 
half-diameter of the sun equal to 697,130 km and 15' 46r7 at the end 
of July. In consequence, one millimeter in the center of the disk 
will be equivalent to 670 km. As the part reproduced here is suffi- 
ciently near the center, we may use this value throughout the three 
pairs of photographs. Besides these three pairs of photographs, 
another one obtained on October 13, 1906, was also measured after 
the same method. This was chosen rather distant from the others, 
to see whether any considerable difTerence could be foimd. For this 
last plate the value of a millimeter has been made equal to 656 km. 

The following table gives the results and contains, with the dates 
and the time elapsed between the two photographs, the number' of 
granules measured, the numlx?r of granules found to have no move- 
ment, the maximum displacement measured and corresponding velo- 
city jx-r second, with the number of granules having reached this 
velocity. I have added in the last two columes the mean of the 
displacements measured, and the mean resulting velocity. The 
mean of so widely dilTerent members is in a way meaningless; but 
it is intended to give, with the number of motionless granules and the 
maximum displacement of a single granule, some idea of the average 
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of the displacement measured, without printing a full table of the 
measures which do not seem to be of any importance. 

The maximum velocity reached by a few individual granules agrees 
fairly well with those measured by M. Hansky. But the mean 
velocity is so much lower, and there are so many granules which do 
not move at all, that the tremendous velocity obtained for several 
granules seems to be suspicious. The quantities to be measured 
cannot be, indeed, defined more accurately than to o. i°*°* or 0.2™™, 
which represent 2 and 4 kilometers. But these are low figures com- 
pared to those of the maximum velocities, which consequently can- 
not be due to errors of measurement. 

But whatever the inevitable inaccuracy of the above figures, it 
does not affect the conclusions which, I think, can be expressed as 
follows: 

1. If any portion of the photosphere be compared on plates taken 
at a minute or a half-minute interval, most of the granules will be 
found substantially the same and perfectly recognizable. 

2. These granules have generally, however, experienced many 
obvious changes as to their shape and brilliancy. 

3. On looking more attentively it is found also that many of 
them have changed their relative positions. 

4. The displacements of the various granules differ widely, ran- 
ging from zero to thirty or more kilometers a second. 

5. These displacements are as widely different in direction as they 
are in velocity, each granule going its way without relation to the 
movements of others in its neighborhood. 

6. The displacements observed in several granules reach some- 
times to enormous figures when expressed in kilometers, but they 
are small if compared with the diameter of the moving granule. In 
fact no granule, I think, during the course of its existence moves 
so much as the length of its diameter. 

The question now arises whether we are contemplating true move- 
ments along the surface of the sun, or mere changes of shape and 
form in the granules, by vertical motion of the condensed particles. 
If it be supposed that the granules are luminous clouds floating in 
a less luminous atmosphere, as clouds in our atmosphere, and it is 
found that they are moving through this atmosphere, or with it, at 
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the tremendous velocities of 20, 30, 40 kilometers a second, we are 
certainly in the presence of a most important phenomenon. But 
this supposition does not seem consistent with the above conclusions. 
Such enormous horizontal velocities of some granules, in the neigh- 
borhood of which there are other similar granules which do not move 
at all, or move in different directions, and at different rates, seem to 
be almost beyond comprehension. 

Let us admit, on the contrary, that the granules are the summits 
of a fleecy stratum of condensed particles, with or without any hori- 
zontal movement; and that the stratum is subject to undulatory 
movements; the summits of the waves will then present the same 
succession of changes ; their relative position varying in every direc- 
tion and with any velocity. The short, quickly changing waves of 
a choppy sea may possibly give us a faint imitation of what is realized 
on a gigantic scale and in a very different element in the solar photo- 
sphere. 

Zd-s6 Observatory 

Prfes Zi-ka-wei, China 

Oct ber 1907 



ON TWOFOLD LINE-SPECTRA OF CHEMICAL 
ELEMENTS^ 
By E. GOLDSTEIN 

In recent years I have been led to investigate the emission spectra 
of a number of elements, particularly the alkali metals and the 
halogens, more thoroughly in some directions than has hitherto been 
done. 

In the course of these researches I have found that caesium, 
rubidium, and potassium each possess two line-spectra which do 
not have a single line in common. Diflferentiation of the two spectra 
is not eflFected simply by inference, but is accomplished experimentally. 
Under certain definite experimental conditions one may obtain solely 
the lines of the one spectrum or solely those of the other; the one 
coincides with the arc-spectrum of the metal in question, but may 
also be produced by weak electric discharges; the other is evoked 
distinctly by heavy discharges from a condenser. 

A number of the hues of the new spectra had already attracted 
attention: several of the new potassium lines were observed by Lecoq 
de Boisbaudran," but were assigned by Kayser and Rungc^ to sus- 
pected impurities. Similarly a number of these lines occurred 
among those observed by Eder and Valenta;^ and for rubidium and 
caesium in those of Exner and Haschek^ from the ultra-violet to the 
blue (about X460). But in these investigations also the new lines 
appear on the Use of discharges from jars only in addition to the 
long-known lines of the elements, so that from them the only con- 
clusion which could be drawn was that the arc-spectra of the alkalies 
mentioned were enriched by a number of lines on cm])loying the 
spark from condensers; w^hile the arc-spectra persist. 

« A preliminary communication to the Deutsche physikalische Gesellschaft, dated 
Aiigust 14, 1907. Translated from Verhandlungerty 9, Nos. 15, 16. 
« Spectres lumintux, Paris, 188 1. 

3 Abhandlungen der Berliner Akademiet 1890. 

4 SUzungsberichte der Wiener Akademie^ June 1894. 
s WellenldngentabeUen, Leipzig und Wien, 1902. 
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The methods I have employed, to be described in a more exten- 
sive communication, in effect consist in raising the density of the 
discharge, referred to the mass unit of the metallic vapor, decidedly 
beyond the previous limits. With an adequate increase in this 
respect it is observed that the long-known lines of the three metals 
entirely disappear, while new lines appear in great brightness which 
coincide with no arc lines. Inasmuch as the arc lines of the alkali 
metals are all series lines, while the new lines fit into no series, we 
may therefore make for these three metals the statement: Power Jul 
disclmrges extinguish all the series lines and replace them by non- 
series lines. 

The color of the discharge changes very strikingly in the transition 
from one to the other spectrum : for instance, for rubidium it changes 
from a rose red (series spectrum) into a brilliant sky blue; in the 
case of caesium, from a bluish red into a greenish gray-white. 

The strengths of the discharges necessary to cause the lines of 
the new spectra to appear increase in succession from caesium through 
rubidium to potassium. They are therefore greater as the atomic 
weight is smaller (C5, 133; Rb, 85; A", 39). In the case of sodium 
(atomic weight 23) I have hitherto succeeded only in producing a 
very decided weakening of the series lines, but not in extinguishing all 
the series lines and replacing them by a new spectrum; for lithium 
(atomic weight 2) the effect is the least. In respect to the effect of 
the atomic weight mentioned, the suspicion seems to me permissible, 
however, that with experimental conditions permitting a further 
increase in the density of the discharge, the long-known sodium spec- 
trum would also disappear in all its series and be replaced by a new 
one. The same thing may be suspected for lithium. 

If two wholly different line-spectra are to be ascribed to the alkali 
metals (thus far to Cs, Rb, and A), this result departs pretty widely 
from the original assumptions in spectroscopy, and the question 
suggests itself whether a support for this is found in our experience 
in other directions. We may point in this respect to some of the new 
monatomic gases, in which similarly twofold line-spectra are observed, 
namely, in argon, krypton, and xenon. We further recall the beautiful 
research in which Lenard' sliowed for the alkali metals that different 

I Annalen dcr Physik^ 1 1, 636, 1903; 17, 197, 1905. 
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particles may radiate differently in the electric arc, emitting either 
the principal series only or one of the subordinate series, according 
to their temperature. 

The most obvious assumption in view of such behavior appears to 
me to be that the metallic vapor in the arc forms different isomeric 
(or polymeric) aggregations according to temperature, and that to 
every aggregation a particular series of vibrations corresponds, the 
t)rpe of wjbdch remains the same, however, for the different aggregations 
of the same element. In support of such an assumption, perhaps the 
observations" may serve which have been made on the discontinuous 
emission spectra of solid organic bodies in which isomeric substances 
(for instance, the three xylols) exhibit an identical spectral type (form 
of grouping of the maxima), but have different wave-lengths of the 
comparable maxima. In these bodies only a single type of structure, 
the ring of six members of the aromatic group, is capable of furnishing 
such regular phosphorescence spectra consisting of narrower or broader 
bands. If the ring is broken on forming other configurations, the 
regular spectra cease and a continuous emission only remains. 

It may be that the association of the particles in different and 
regular groupings is a prerequisite* also for the regular gaseous spectra 
(band-spectra and series spectra). If these regular structures are 
destroyed by excessively powerful forces (condenser discharges) 
and separated into single particles, the regularly constructed spectra 
also disappear and only the non-series lines occur, which therefore 
would properly be the ones corresponding to free or isolated gas 
particles. 

It may be permissible to distinguish these spectra belonging to 
most elementary conditions by a name, and designate them as the 
"fundamental spectra" ("Grundspectra") of the substances in 
question. 

For slight intensities or densities of the discharge, therefore, only 
groups of gas particles would be luminous; for moderate intensities 
» E. Goldstein, Verhandlungen der phys. Gesell., 6, 156, 185, 1904. 
» Such groupings may be caused in various ways, as for instance by ionization. 
The view that a material disintegration is connected with the ionization of gas particles 
is apparently giving way more and more to the \'iew that associations occur with ioni- 
zation. The last investigations by J. J. Thomson yield a threefold mass of hydrogen 
atoms for ionized hydrogen particles. 
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of the discharge a portion of the combination would be split up and 
the two spectral types would appear superposed, corresponding to 
the mixture; with the most powerful discharges only isolated particles 
would exist with the fimdamental spectrum. The previous investi- 
gations of the alkali metals by Lecoq, Eder and Valenta, Exner and 
Haschek, and others, were made at moderate intensities, which were 
strong enough to split up a portion of the combination and thus per- 
mit the appearance of the lines of the fundamental spectrum in addi- 
tion to the series lines of the remaining portion of the combination; 
while they were not strong enough to break up all of the groups and 
thus to extinguish the series lines. Tables and drawings of the funda- 
mental spectra of caesium, rubidium, and potassium are to be published 
later, based upon the photographic plates. In this communication 
only the positions of the brightest maxima will be given. The bright- 
est lines of the fundamental spectrum of caesium have the following 
wave-lengths: 



XS92.8 


525 


487 


583 


523 


483 


SS6 


50s 


466 


537 


497 


460.3 


535 


495-5 





The bright caesium lines at X 459 and X 455, which are so character- 
istic of the arc and flame spectrum, are invisible, as are all the remain- 
ing lines of the series spectrum. The number of the fainter lines 
is considerably larger. The caesium spectrum extends beyond Ha^ 
forming in the red from about X 600 to X 645 a series of numerous 
and closely packed although not specially bright lines. 

This renders more striking the scarcity of lines in the red por- 
tion of the fundamental spectrum of rubidium, the series spectrum of 
which is characterized by several very bright lines just in this region. 
The bright hncs of this fundamental spectrum do not begin until the 
green is reached, and its brightest lines are: 

^552.6 453 

515-2 429.5 

477-7 427.3 

457.6 424.8 
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Potassium has in the red portion two bright lines at X 624. 5 and 
630 in addition to the line at X 611 previously noted by Lecoq. The 
less bright lines will be communicated later. Lecoq also observed 
several lines of the fundamental spectrum in the green and blue mixed 
in with series lines. The brightest Unes of this potassium spectrum 
are at wave-lengths: 

A 630 483 439 418 

624.5 461 431 415 

611 451 426 413 

501 447 422 411 

For comparison I add the principal lines of the series spectrum of 
potassium: 

^ 770 581 532 

767 580 404.7 

694 578 • 404.4 

691 536 

583 534 

The suspicion naturally arises that the occurrence of different 
Une-spectra for one and the same element may not be limited 
to the alkali metals (and several monatomic gases). There are in 
fact several indications that we are here concerned with a more 
generally extended property, although nothing definitive can be stated 
at present. For a long time strong differences have been known to 
exist between the arc-spectra and spark-spectra of different metals. 
K, for instance, we compare tables or photographs (such as Hagen- 
bach & Konen*s Atlas der Emissionsspekiren) of arc and spark spectra 
of silver, zinc, cadmium, copper, and mercury, we find a number of 
lines which are more or less weakened or extinguished, in the transi- 
tion from the arc, as has already been pointed out by numerous writers. 
But in this transition by far the greater portion of tlie hues appearing 
in the arc always remain and increase in brightness. 

If therefore the two line-spectra should be assigned to these metals 
(other metals exhibit similar properties), then both spectra would 
appear mixed in together at the slightest density of discharge hitherto 
applied, or at the lowest temperature. They cannot be experimen- 
tally separated until the spectrum can be reduced to a number of 
lines at a relatively low temperature, which are all suppressed at a 
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high temperature (heavy discharge) and are replaced by lines in other 
positions. Until then the two spectra from these metals could be 
separated only as a matter of theory. In this manner J. Stark* has 
actually assumed that two line-spectra exist for mercury. For the 
view that the twofold line-spectra represent a widely diffused property, 
it seems to me confirmatory that it occurs in the case of elements which 
stand as far away from those hitherto treated, as is the case for the 
halogens, although not in so pronounced a manner as for the alkalies, 
but more obviously than for the other metals just mentioned. 

A closer study of the halogens according to the process which I 
sketched long ago* leads to this view. This process, as was then 
explained, enables us to produce the band-spectra of bromine and 
chlorine. The more thorough investigation which I have just com- 
pleted now yields the result that a series of lines are superposed over 
these band-spectra somewhat- as the four-line spectrum of hydrogen 
overlies its band-spectrum. If powerful discharges are now passed 
through tubes of bromine and chlorine the greater portion of those lines 
become invisible,^ while another portion of the lines becomes bright, 
and furthermore, new lines become brightly luminous. Overlying the 
band -spectrum of diluted bromine appeared the following lines: 
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» Annakn der Pliysik, 4, 16, 490, 1905. 

2 Verhandltingen Berliner Pliys. GescIL, 1886, p. 38. 

3 Hazy traces appear on long exposures in case of the strongest of the lines which 
are extinguished to the eye. A further increase in the intensity of the discharge would 
presumably also extinguish these traces. 
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The intensities are estimated on a scale of 6 steps, where 6 repre- 
sents the greatest brightness. Of these lines, the following disappear 
on connecting in the Leyden jar: 
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There were not included in the above tables several lines for 
which it remained uncertain whether they persist or whether they are 
extinguished and replaced by new lines very close to their positions. 

Thus at least 33 of the 56 lines are extinguished by the jar. 

What we have hitherto regarded as the spectrum of bromine is a 
mixture of lines which may be extinguished and of the lines of the 
fundamental spectrum. The occurrence of the mixture depends, 
as in the case of the alkali metals, upon the fact that in the previous 
investigations the density of the discharge (referred to the unit of 
mass of the gas) could not be sufficiently great, for reasons to be 
presently mentioned. The discharge tubes used had electrodes 
which gradually absorbed the gas, forming bromides or chlorides, 
even for slight intensities of the discharge. Therefore the tubes 
could not be filled at a low density. But intense discharges (of the 
Leyden jar) were wholly excluded, because then the absorption by 
the electrodes would take place in a fraction of a minute. Hence it 
resulted, under the conditions of the experiment which pnictically 
had to be employed, that the densities of discharge were such that a 
number of the lines given in Table I were extinguished and therefore 
necessarily remained unknown; while these intensities of discharge 
were able to weaken a series of other particularly bright lines only to 
such an extent that they could be cited in the previous lists of h'nes of 
bromine as the principal characteristic lines. For instance, among 
these belong the following bright lines which have hitherto been 
regarded as characteristic for bromine : 

X699, 615, 452.6, 448, 447 -S. 444.2. 
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A sufficient increase of the intensity of the discharge makes them 
all invisible. 

In the case of chlorine 24 lines were extinguished in this manner, 
which appear when the capacity is not used. The brightest of 
these chlorine lines which are suppressed at even moderate intensities 
of the discharge arc : 

X753, 741, 725, 614, 466, 461, 453» 439- 

It has not been possible hitherto to establish a perfect agreement 
with the behavior of the alkali group, as pointed out above; since 
in case of the alkali metals, all of the lines which appear together 
under certain conditions may be extinguished, but in case of chlorine 
and bromine only a considerable number of them. In case two 
wholly different line-spectra exist for chlorine and bromine, their 
complete separation has therefore not yet been experimentally accom- 
plished. Groups which can be extinguished, however, appear to be 
purer as the width of the tube is increased, or therefore, other things 
being equal, as the density of the discharge is less (which is also true 
of the luminous intensity). The investigation will be continued in 
this direction. 

The investigation of iodine for the presence of two linc-spcctra is 
rendered difficult by the fact that the brightness of the background 
changes very greatly on throwing in the jar, so that judgment as to 
the change of brightness of many of the lines is rendered uncertain. 
It could be recognized, however, that a number of lines which are 
suppressed in the band-spectrum of iodine, e. g., X 524, 520, 512, 491, 
differ decidedly in their behavior from many other lines. 

These investigations establish for the first time the forms assumed 
by the spectra of chlorine and bromine when these gases in an atten- 
uated condition are traversed by powerful jar discharges. Earlier 
investigations were frustrated by the above-mentioned action of the 
gases on the material of the electrodes. The tubes which I employed 
were coated with tinfoil on their external surface only. There seems 
to be a wides])read belief that powerful condenser discharges can- 
not be passed through such tubes with external coating, but this 
supposition is incorrect. Such a tube can be connected in parallel 
with a jar just as an electrode tube. If an air-gap is then inserted in 
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the circuit leading to the internal coating of the jars, powerful con- 
densed discharges of great brightness will pass through the tube, which 
also differ in the altered color of the discharge from those which pass 
through the tube when a jar is not used. The color of the discharge 
thus changes for bromine from peachblow into greenish blue, for 
chlorine from white to green, for iodine from chamois yellow to green. 

Such condenser discharges in passing through the halogens give 
spectra exceedingly rich in lines which may be observed with very 
slight density of the gas as long as may be desired without any develop- 
ment of combinations by the gas or alterations of its density. The 
spectra thus far exceed in the number of lines those hitherto photo- 
graphed for chlorine and bromine. The most complete representa- 
tion of the chlorine spectrum hitherto produced is due to Eder and 
Valenta.' They cite in all no lines between X 546 and X400. On 
plates of the same region I obtained twice as many lines, even with 
the relatively slight dispersion of a single Rutherford prism, which 
permitted many doubles and close groups to appear as single lines. 
The increase in number of lines is similar in the case of bromine. 

The process I have used gives especially striking results in the 
least refrangible portion of the spectrum. Pliickcr and Hittorf* 
record 5 lines for chlorine from the extreme red to X 600, or 16 lines 
in all to X 546. (The observations of Eder and Valenta begin in the 
yellow.) My plates give 34 lines in all to X 600, and more than 80 
to X 546. 

For bromine the farthest line to the red hitherto was the line 
observed by Salet at X699; five other lines were observed by Salet 
in passing to the yellow. Eder and Valenta give X 668 as the farlhist 
line and 15 others to X600; my observations show that the con- 
den»er spectrum of bromine extends beyond X 700, and that from its 
extreme limit to X 600 it consists of a closely packed scries of several 
dozen lines, of which a portion become somewhat ditTuse with inlc nsc 
discharges. Visual observations show still more lines than the photo- 
grap}iic plate in this closely packed series, because with the relati\ ely 
sm^U dispersion on the plate the neighboring lines often coalesce. 

\ description of the most suitable dimensions of the tube and 
• QiUungsherichU der Wiener Akademiey April 1S99. 
f fhU. Trans,, 155, i, 1865. 
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technical particulars as to the mode of fiUiag them will be given in a 
more extended paper, in which I shall also give another description 
of the spectra of the halogens. These discoveries as to double spectra 
and the assumptions indicated above as to the origin of the series- 
spectrum, suggest a number of conclusions, as well as new investiga- 
tions. 

If the series spectra in fact depend upon association of gas particles 
into complex groups, then it would seem to be theoretically possible 
that all such groups could be experimentally broken up and thereby 
the fundamental spectra of the isolated particles could be obtained. 
On this basis entirely new spectra could be expected, for instance 
in the cases of hydrogen and helium. We cannot regard such sus- 
picions to be contradicted by the fact that these two gases have 
already been often investigated with discharges of great density. The 
atomic weight might here also be influential, and if the appliances 
which are effective for large atomic weights already fail at an atomic 
weight of 23, then elements with atomic weights of 4 and i might 
oppose a very much greater resistance to the breaking-up of the 
complex groups. There is possibly also a connection with the fact 
that xenon, krypton, and argon, with atomic weights of 128, 82, and 40, 
respectively, exhibit twofold line-spectra, while for neon (atomic 
weight 20) only one spectrum has thus far been observed. 

Another investigation suggested would be to see whether the appar- 
ent absence of potassium, rubidium, and caesium from the sun might 
be due to the appearance of their fundamental spectra among the 
Fraunhofer lines in place of the series-lines which have hitherto 
alone been looked for. I hope to be able to test this soon in a more 
suitable place than in my almost sunless laboratory. 

Other questions which are raised by the twofold line-spectra refer 
to their behavior in respect to the Zeeman effect, to the [X)ssible charge 
of the carriers of the line, to the behavior of the lines in regard to 
Doppler's principle, etc. These questions are so obvious as to make 
further discussion of them superfluous for the present. 

Hkklin 



OBSERVATIONS OF SATURN'S RINGS AT THEIR DISAP- 
PEARANCES IN 1907 WITH A SUGGESTED EXPLANA- 
TION OF THE PHENOMENA PRESENTED 

By E. E. BARNARD 

The interest in the beautiful ring system of the planet Saturn has 
never been greater than in the present year, when, according to cal- 
culation, the ring has been invisible. It is well known that at inter- 
vals of fifteen years the edge of the ring is presented to us and it is 
then supposed to disappear because of its extreme thinness. Two 
causes operate to produce these disappearances : first, when the plane 
of the ring passes through the earth; and, second, when it passes 
through the sim. It is possible for the ring to make two disappear- 
ances and two reappearances during this critical period. Thus in 
the years 1861-62 the ring twice disappeared and reappeared. Pre- 
vious to this the sim and the earth had been on the south side of the 
ring for fifteen years. On November 22, 1861, the earth passed 
through the plane of the ring- going north and until January 31, 1862, 
the earth and the sun were on opposite sides of the ring, and it was 
supposed to be invisible in the interval. On January 31 the earth 
again passed to the south side of the ring and it once more became 
visible, for the simlit surface was then turned to the earth. On May 
17 the sun passed through the plane of the ring, going north, thus 
leaving the earth once more on the dark side of the ring, which was 
invisible imtil August 12, at which time the earth passed to the north 
and was again on the sunlit side, where both the sun and the earth 
remained imtil 1878. 

A valuable series of observations of Saturn was made with the 
15-inch refractor of Harvard College Observatory by G. P. and 
W. C. Bond at the disappearance of the ring in 1848. These make 
part of Vol. I of the Harvard College Observatory Annals. 

A number of the many drawings of Saturn given in that volume 
show the ring and condensations essentially as they have ai)peared 
during the past few months. 

35 
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The conditions for the disappearances and reappearances of the 
ring in 1848 were abnost identical with those in the present year. 
The earth passed the plane of the ring in April, going south. On 
September 3 the sun passed the plane going south. On September 13 
the earth passed back north, and on January 19, 1849, ^^^ earth 
once more went south \\4th the sun. Therefore between April and 
September 3, the earth and sun were on opposite sides of the ring. 
This was again the case between September 13 and January 19. 

Bond assumed in all his observations that what he saw was the 
sunlit edge of the ring. He was not therefore forced to any unusual 
method to explain its visibility. It takes but a moment on a good 
night at present with the 40-inch telescope to see that in reality what 
is visible is not the edge but the extremely oblique surface of the ring 
itself. This was especially so m the observations in the first part of 
July, when the minor axis of the ring was about 2". His explanation 
therefore cannot be the true one. 

Bond's explanations of the bright markings, condensations, or 
knots, seen on the ring during part of its " invisibility" is an ingenious 
one, and is seemingly confirmed by his measures. Though his 
explanation may in part have something to do with the phenomenon, 
it is not entirely satisfactory. The thickness of these condensations, 
even allowing for irradiation, is entirely too great to assume that they 
are due to the edge of the ring, which must be much less than of i 
in width. 

The circumstances of the disappearances in 1861-62 were very 
favorable for observation. Advantage was taken of the opportunity 
to study this interesting phase of the ring at Greenwich by Mr. 
Carjx^nter with the 12-inch refractor, and at Pulkowa by Otto Struve 
with the 15-inch. At this time when the ring was theoretically 
invisible it could readily be seen. Luminous ap[)endages were visible 
on it both at Greenwich and Pulkowa, when it was not illuminated 
by direct sunlight. Since then, during an interval of 45 years, no 
favorable o[)portunity has presented itself to reobscrve the phenomena 
seen by the Greenwich and Pulkowa observers in 1861-62. The 
disap[)earances of 1878 and 189 1 occurred under very unfavorable 
conditions, as the planet was too near the sun in each case to be 
satisfactorilv observed. In the last case Saturn rose about two 
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hours before the sun. In both those years there was only one dis- 
appearance and reappearance. 

In the present year — 1907 — there has been a repetition of the 
disappearances and reappearances of 1861-62. After 1891 the sun 
and the earth were on the north side of the ring. 

The following information concerning the present disappearances 
is due to Professor Hermann Struve (Proceedings 0} the Astronomical 
Society of the Pacific, 19, 125-35, June, 1907). 

April 17, 1907: The earth passed through the plane of the ring 
to the south side, leaving the sun on the north side. This disappear- 
ance could not be seen from the earth, the planet at that time being 
lost in the sun's rays. From this date until July 26 the ring was 
supposed to be invisible, as no direct sunlight reached its earthward 
surface. On July 26 the sun also passed to the south and the ring 
again became 'bright. This condition continued until October 4, 
when the earth once more passed to the north and will remain on 
the dark side of the ring imtil January 7, 1908, when it will again 
pass to the south and the sunlit side of the ring will be visible for the 
next fifteen years. 

On account of the circumstances of the disappearances and the 
fairly favorable position of the planet, this was the first op{X)rtunity 
for such observations to be made with the great telescopes of the 
world, for in the past 45 years they have all come into existence. 

When I examined Saturn on July 2 the entire surface of the ring was 
distinctly visible. No direct sunlight was then falling on its earthward 
surface. On each ansa were two conspicuous luminous places or con- 
densations. These were symmetrical with respect to the ball. In 
appearance they were very nebulous, the light of the ring and the 
condensations being of a pale ashy or nebulous color. The posi- 
tions of these luminous appearances were measured with the 
micrometer. Repeated measures have not shown any change in 
their positions. 

On July 26 the sun passed the plane going south, and until Octo- 
ber 4 it was shining on the visible surface of the ring. During this 
period the ring was bright and linear and no irregularities were 
visible upon it where the condensations had been seen. 

On October 4 the earth passed back to the shadow side of the 
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ring, and for some days thereafter the ring was perfectly linear. The 
apparent condensations had disappeared at a time when they should 
have been best seen if they were real masses on the ring system. On 




The diagram shows the relation of the orbit of Saturn and the earth drawn to 
scale. I have indicated the positions of the earth and Saturn and his ring at the 
critical times for the disappearances, etc., in 1907. i-i are the positions of the 
earth and Saturn on April 17; 2-2 the same for July 26; ^-^ the same for October 4; 
4-4 the same for January 7. It is hardly necessary to call attention to the fact that 
between the positions i and 2 the earth is on the shadow side of the ring, and from 
2 to 3 it is on the sunlit side, while from 3 to 4 it is once more on the shadow side. 



October 13 they had again ap|x?arcd, but were only very slightly 
luminous thickenings on the ring. After that they became more 
and more conspicuous as the ring opened out by the elevation of 
the earth above its north surface. This amounted to nearly a degree 
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in the latter part of November, at which time the sun was some 2® 
south of the plane. 

I have assumed the following interpretation of the phenomena of the 
bright condensations and of the visibility of the ring. What we really 
saw in July, and in October and November, when the sun was on the 
opposite side of the ring to us, was the feebly luminous surface of the 
ring itself at a very oblique angle — ^where the angular diameter was 
reduced to a second of arc or less ; at the observations in July it was 2" 
in diameter. As this surface was visible without the aid of the direct 
sunlight, the natural assumption would be that the ring is self-luminous. 
Its physical constitution, however, forbids this supposition. It is well 
known that the crape ring is transparent and that it transmits suffi- 
cient simlighl to make a satellite visible while in its shadow. This 
was shown at the eclipse of Japeius on November i, 1889, when the 
satellite was seen throughout the entire extent of the shadow of the 
crape ring, which at most cut down the brightness about one magni- 
tude. The ball of the planet is readily seen through this ring when 
the rings are opened out wide. This transparency, and the duski- 
ness of the ring on the sky, are undoubtedly due to a scarcity of the 
particles which compose it. The other rings are bright because they 
are made up of a vastly greater number of small bodies to reflect the 
sunlight. That these rings do not transmit a great amount of light 
was proved at the eclipse of Japetus already mentioned, for when 
the satellite entered the shadow of the bright rings it completely 
disappeared. This does not mean, however, that the rings are 
entirely opaque to the sun's light. Though they are Iranslucent, they 
are not transparent in the ordinary sense of the word, for the planet 
cannot be seen through them where they cross the ball. 

This brings us to a probable explanation of the phenomena of the 
condensations which have been visible on the dark side of the rin<j:s. 
Knowing that the crape ring is transparent, if we were to look at 
its under side — ^the opposite side from the sun — at an oblique angle 
we should still see it luminous by the reflection of the sunlight in 
our direction from the small bodies composing it. The illumination 
would be nearly as strong as when seen from the sunward side. 
From the extreme thinness of the rings, which must be greatly under 
100 miles (60 km), and more probably less than 50 miles, the i)ar- 
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tides cannot form an impenetrable screen to the light of the sun. That 
is, the sunlight will sift through among them, and by diffusion and 
inter-reflection and scattering will make the rings visible from the 
dark side. We should therefore expect to see the entire surface of 
the rings at this time by the percolation, scattering, and reflection of 
the sunlight through them. One might expect under these conditions 
that the brighter portions of the ring would appear dark when so 
seen by cutting out more of the sunlight through a greater number 
of particles. This, however, up to a certain point of density would 
not be so; it would in reality be just the reverse. In the case of the 
crape ring it would appear faint — as it does always — because of the 
fewer particles to reflect the sunlight. Where they are more densely 
packed, as in the bright rings, there would be a relatively greater 
amount of scattering, reflection, and diffusion of the light and they 
would therefore appear relatively bright. 

It is apparent to any observer of Saturn ordinarily, with a telescope 
of sufficient power, that the outer one-fourth of the inner bright ring 
is much the brightest part of the entire ring and ball system; the 
inner portion of that ring being of the same brightness as the outer 
ring which is uniformly illuminated. Let us therefore see where these 
condensations fall upon the projection of the rings. I have repeatedly 
measured with the micrometer their positions since the first of July. 

It is perhaps appropriate here to give the dimensions of the ring 

and ball system of Saturn as measured by the writer in 1894-95 and 

with them the positions of the condensations as they may be useful 

to others in connection with the problem. They are all reduced to 

the mean distance of Saturn from the sun =9. 5389. (See Monthly 

Notices, 56, 171, 1896.) 

Equatorial diameter of 5a/wrfj 17^800 Radius 8^900 

Outer diameter of outer ring 40. 108 20.054 

Inner diameter of outer ring 35 . 046 1 7 . 523 

Center of Cassini division 34 • 5 1 7 1 7 • 258 

Outer diameter of inner ring 33 988 16.994 

Inner diameter of inner ring 25.647 12.823 

Inner diiuneter of crape ring 20. 528 10 . 264 

Width of Cassini division 0.529 

Inner condensation preceding 2.675 from the limb or ii'575 from center 

Outer condensation preceding 7-457 from the limb or 16.357 from center 

Inner condensation following 2.737 from the limb or 11.637 from center 

Outer condensation following 7- 420 from the limb or 16.320 from center 
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Though it does not enter into the present problem, the measured 
polar diameter of Saium was i6f 241. 

A ^ance at the figures will show that the outer condensations fall 
on the brightest part of the inner bright ring — the outer one-fourth of 
which, as I have already said, is very much the brightest part of the 
entire system of Saturn. The inner condensations apparently fall on 
the crape ring. In reality the ring system is seen almost on edge, so that 
the visible surface is very oblique. The crape ring may have nothing 
to do with the explanation of the luminous appendages for reasons 
previously given. But the projection of the bright part of the inner 
bright ring would fall in the same direction as the crape ring. It would 
seem therefore that this bright region of the ring is really accountable 
for both condensations. It is clearly so in the case of the outer ones. 
Why the space between the bright places should be almost discontinu- 
ous does not yet appear quite clear. It may be due to the curvature 
of the ring at this point where the sunlight might be less effective in 
diffusion and reflection by the greater depth of the ring there in the 
line of sight. 

On December 12, 1907, 1 made the foUowLag additional measures 
of the condensations. The values are reduced to the mean distance 
of Saturn from the sun : 

Length o^ outer condensation 2^28 

Space between the condensations 2.30 

The measures of the positions of the condensations given in the 
table refer to their centers. Applying the above measures and those 
in the table, we have : 

Distance from the center of Saturn to the outer 

edge of the distant condensations . . . . 17 ''50 

Distance to outer edge of Cassini division . . 17. 52 

Distance from the center of Saturn to extreme 

end of inner condensations 12. q2 

Distance to outer edge of crape ring . . . . 12.82 

The accordance of the above measures has suggested anollier 
explanation of the phenomena of the condensations. 

If the Cassini division is not free of {)articles, the sunlight shining 
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through among them would produce a luminous effect, as seen from 
the dark side of the ring, which would be represented by the position 
of the outer condensations. At the same time a similar illumination 
of the crape ring would produce the effect of the inner conden- 
sations. 

Of course this is opposed to the generally accepted theory of the 
Cassini division, which considers it to be a zone in which no particles 
can exist owing to the action of certain of the satellites. This assump- 
tion would require that the Cassini division should be as closely filled 
with particles as is the crape ring, because the two pairs of condensa- 
tions have been of equal brightness. 

Though the condensations appear decidedly thicker than the 
projection of the ring in general, I think it is due to an irradiation 
effect, and that they are not any thicker than the trace of the ring 
on the sky: first, because they entirely disappear when the ring is 
really on edge — at a time when they should be most conspicuous; 
second, because in making drawings of the planet and ring as they 
now appear, I have reproduced the exact appearance by simply dark- 
ening the ring around the positions of the condensations without 
changing at all its outline. The eye is therefore deceived by the 
relative brightness of the condensations. 

In the drawing of Saturn (Fig. i, Plate V) I have endeavored to 
reproduce as cxactlv as possible the appearance of the ring and con- 
densations as seen on DecemlxT 12, 1907, at 17^ o'" G. M.T. The 
same appearance, essentially, can be produced, as I have said, by 
leaving the excessively narrow elliptical outline of the ring unchanged, 
and by simply darkening it around the positions of the condensations. 
I have sent drawings of this latter kind in a paper to the Royal Astro- 
nomical Society, which I believe are the correct representation when 
the drawing is seen from tlie projxT distance. 

The present drawing sliould Ix' looked at from a distance of about 
3 feet to get the correct scale and appearance as seen in the 40-inch 
telescope with a power of 460 diameters. 

Fig. 2 of Plate V is made from the measures given in this paper 
and represents a view of the system of Saturn seen from a position at 
right angles to the plane of the rings. The Lines A A and BB indicate 
wliere the condensations would fall by projection on the ring system. 
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I will briefly describe the appearance of these luminous appendages 
as they were seen in the 40-inch telescope of the Yerkes Observatory 
(July, October, and November). 

The full extent of the ring was seen as a slender line of light on 
each side of the planet. Symmetrically on these, both preceding 
and following, were two places of greater luminosity. The outer 
ones were elongated in the direction of the planet and were approxi- 
mately i"X2". They were ill defined and more or less diffused, and 
seemingly were thicker than the ring. Beyond them the ring was very 
faint, but its entire length was seen. Between them and the ball were 
the inner condensations, which were approximately of equal bright- 
ness with the outer ones. These last, however, joined up to the ball 
with scarcely any lessening of brightness. Between the outer and 
inner condensations the ring was very faint but continuous. The 
condensations were quite bright and noticeable, but with a pale nebu- 
lous light. Frequent comparisons showed that they wxre decidedly 
brighter than either Mimas, Enceladus, or Telhys when these satellites 
were close to the condensations. Where the ring crossed the ball, its 
trace has not appeared black, and this is consistent with the supposi- 
tion of the sunlight being transmitted through the ring. 

The important fact clearly brought out at this apparition of 
Saturn is that the bright rings are not opaque to the light of the sun — 
and this is really what we should expect from the nature of their 
constitution, as shown by the theory of Clerk Maxwell and the 
spectroscopic results of Keeler. 

During the present observations the ring was not lost entirely 
when its plane passed through the earth; though at the critical period 
of passing exactly the plane, it may have been invisible. 

The question of the thickness of the ring again comes up at this 
time, for the opportimity has never been so good for tlie determination 
of this quantity. The favorable position of the planet and the ])o\vt.T- 
ful telescopes that are in use now would have greater weight than 
all the previous observations. On October 4, from 14^30"^ to 16^0"^ 
G. M. T., the ring was visible as a faint thin thread of light very difti- 
cult to see. The air was unsteady, and later, 1 7^ 40"^ G. M. T., I could 
not see the ring. This latter fact, however, I attributed to the seeing 
having become worse. On the following night, October 5, 16^' o™ 
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G.M.T., it was distinctly visible. Whether it disappeared in the interval 
will require observations made elsewhere to decide. This may also be 
said of the interval closely preceding the observation of October 4. 
That the ring entirely disappeared is probable, for at no time during 
the period of its supposed disappearance could I see any trace of the 
sunlit edge, which should have been visible as a bright rim if the ring 
is of sufficient thickness to be seen exactly on edge. 

Yerkes Observatory 
December i, 1907 



PRELIMINARY CATALOGUE OF LINES AFFECTED 

IN SUN-SPOTS^ 

REGION X4000 TO X4S0O 

By WALTER S. ADAMS 

INTRODUCTORY NOTE 

One of the co-operative investigations set on foot by the Inter- 
national Union for Co-operation in Solar Research was the detailed 
visual study of the lines affected in sun-spots. The committee in 
charge of this work concluded that the simplest way to detect possible 
changes of intensity would be to compare the observed spot lines 
with the same lines as recorded in a map of the spot spectrum. The 
preparation of such a map from visual observations would obviously 
entail much time and labor. For this reason it seemed desirable to 
make use of the photographs of spot spectra obtained with the Snow 
telescope at Moimt Wilson. Accordingly, a preliminary map was 
prepared and placed in the hands of the observers taking part in this 
work. The present paper is the first of a series which will contain a 
preliminary catalogue of the lines affected on the original negatives, 
and should prove of service in connection with the map.' Since the 
intensities in the catalogue are mean values, derived from the discus- 
sion of several negatives, they naturally possess greater weight than 

* CorUrHnUians from ihe Mount Wilson Solar Observatory y No. 22. 

» It is perhaps desirable to emphasize the fact that in our previous publications 
on the spot spectrum we have made no attempt to give an exhaustive list of the lines 
a£Fected in sun-spots for any region of the spectrum, but have treated merely some 
of the more prominent cases of strengthened and weakened lines. As an illustration 
of this it may be mentioned that in the region H^ to D a preliminary investigation 
indicates rather more than 225 lines which are weakened in spots. In a recent study 
(rf the same region Mr. Nagaraja of the Kodaikanal Observatory has given a list of 
167 weakened lines (Astro physical Journal, 26, 143, 1907). In this connection it may 
also be well to state that in our previous discussion of the weakcneci lines in the sun- 
spot spectrum on the temperature basis (ibid., 24, 185, 1906), we have by no means 
maintained that all the weakened lines are spark lines. On the other hand, so far 
as our experience goes, it seems to be true without marked exception in the part i)f the 
spectrum extending from the red to X 4000 that all spark lines are weakened. Mr. 
Nagaraja gives five lines in the region discussed by him which he considers exceptions 
to this rule. Of the first two of these lines, X 5169.07 and X 5169. 22, it is the latter 
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estimates made directly from the map. It is expected that the 
detailed results from the individual plates will be published later, 
and it is also hoped that the preliminary map may ultimately be 
replaced by a more perfect one. 

Although the instrument with which the negatives have been 
obtained, and the procedure followed in making the exposures have 
been described previously, it may be convenient for the purposes of 
reference to allude to them here. The spectrograph used was of the 
Littrow or auto-collimation type with a focal length of i8 feet (5.5 m) 
and ha\ing a 4-inch (10.2 cm) grating with 14,438 lines to the inch 
(570 lines to the mm). The photographs have all been made in the 
second order, which gives a linear scale of about i mm = 1.5 A. 
The spectrograph has been used in conjunction with the Snow tele- 
scope, the concave mirror of which forms a solar image about 6.7 
inches (17 .0 cm) in diameter on the slit. During the exposure of the 
photographic plate to the spectrum of the spot the light from the photo- 
sphere is excluded from the slit, but at the conclusion of this expos- 
ure the ordinary solar spectrum is photographed on either side for 
purposes of comparison. This is readily done by means of an occult- 
ing bar which moves across the slit and has an opening of variable size 
which may be adjusted to the size of the spot under observation. The 
exposures are timed to give as nearly as possible the same intensity 
to the continuous spectrum of the spot and of the comparison spectrum. 
The ratio of the two exposures varies, of course, with the definition 
of the solar image, the transparency of the sky, and the size and 
blackness of the spot, as well as the wave-length of the region photo- 
graphed. Under average conditions at X 5500 the spot requires 
about six times as long as the comparison spectrum, while at X 4000 
tliis ratio increases to about ten or eleven. 

The present paper contains a list of the lines affected in sun-spots for 
the region X 4000 to X 4500. It will be followed by other lists giving 

which is the spark, line, and it is decidedly weakened in spots; the former, on the other 
hand, is strengthened, and unless the dispersion of the instrument is sufficient to sepa- 
rate the two lines, it might well aj>pear that the blend is not affected. The third line, 
X 5188.87, seems to be distinctly weakened on our plates. The fourth and fifth 
lines, XJ5502.9 and \ 5621.7, either are not represented in the solar spectrum, or the 
hnes are so faint (not above 000 on Rowland's scale) that conclusions can hardly be 
drawn as to their behavior. 
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the results obtained by one or both of us in other parts of the spectrum. 
Our series of photographs in the ultra-violet may not be completed 
for some time, and for this reason the present list begins at X 4000. 

The tables are of the same general character as those given by us 
in previous publications. The intensities are based upon Rowland's 
scale, and in the few instances in which his values for individual 
lines seem to need modification notes to this effect are added in the 
margin. For purposes of identification we have compared our list 
with the tables of the wave-lengths of arc lines by Hasselberg, and 
the "enhanced" line tables of Lockyer, the wave-lengths given in 
the marginal notes being from these sources. In general, only the 
more obvious identifications are included, and no attempt has been 
made to present alternative identifications unless they seem to be 
of special significance as regards the behavior of the lines in the spot 
spectrum. An extended discussion of this sort belongs rather to a 
detailed analysis of the results than to the catalogue proper, and we 
shall hope to enter into this subject farther in a concluding paper. 

George E. Hale 
Walter S. Adams 

The following is a list of the negatives employed in obtaining the 
results given in this paper. All of the plates were secured by Mr. EUer- 
man except L 128, which was taken by the writer. 

TABLE I 



L 76 1 1906, June 29 I 5SgS 



1-77 1 June 30 58<>S 

L88. 
L82. 
L83. 



L84.. 
L 92. . 
L94.. 

L95 • 
L loi . 
L128. 
Li34- 



July 2 I 5S(^S 
July 2 ' sSqS 



July 2 5S(;S 

July 2 I sSgS 

July 9 I sSgS 

July 30 51)44 

July 31 5g44 

Aug. 2 50 u 

1907, June 22 ()2D^ 

July 19 



In the case of plate L 134 the Greenwich spot niimlxT has not 
as yet been published. 
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TABLE II 




A 


-J 


-^1 
1^ 




Is 


16-2 


Remarks 




u 


a 




C 


Z 




4000.61 


Fe 


2 




2-3 


3 




4001.32 


Mn, — 


3 




2 


4 




4003.08 


— 


2 




1-2 


6 




4003.91 


Ce-Fe-Ti 


3 




3-4 


3 


Widened 


4005.86 


V 


3 




2-3 


3 


Spark b*ne of V 


4006.90 


— 


2 


i 








06.98 


— 


I 


2-3 


3 




4009.02 


— 


2 


I 


6 






09.08 


Ti 


3 


) 


7 




4009.29 


— 


I 




o-i 


3 




4009.81 
09.86 


Ti 
Fe 


I 
3 


i 


5-6 


3 


Much widened 


4010.33 


Ce-Fe 


I 




1-2 


3 




4010.74 


— 


3 




2-3 


3 


Rowland's intensity loo high: 2 
better 


4011.56 


Fe 


3 




3-4 


3 




4012.54 
1 2 . 63 


Ti, Ce 
Cr 


4 



i 


3-4 


6 


Narrow. Spark lines of Ti and Cr 


4013.80 


Ti-Fe 


3 




3-4 


3 




4015.53 


— 







o-i 


3 


Hasselberg gives 7"* 4015 . 56 


4015.76 


— 


3 




2 


3 


Narrow. Spark line of Ni 


4017.93 


Ti 







O-I 


3 




4018.23 
18.27 


Mn 
Mn 


3 
4 


! 


9 


4 


Widened 


4019.20 


Ni-Ce 


I 




1-2 


3 


Widened 


4019.45 


Co 







O-I 


7 


Rowland's intensity too high: 00 
better 


4020.34 





I 


1 


2 


3 




20.42 





2 


s 






4020.55 


Sc 


I 


1 




8 




20 . 64 


Fe 


I 


\ 


3 




4021 .o() 


Nd-Co 


3 




3-4 


8 




4022.02 


Ti-Fe-V 


5^^ 




6 


3 




4022.37 


Fe 


I 




1-2 


4 




4023.53 


F, Co 


3 




2-3 


8 


Spark line of Co 


4023.83 


Sc 


2 




3 


7 




4024.73 


Ti 


3 




4 


3 




4025 . 1(1 


Cr 





\ 






Widened to violet. Spark line of 


2$ . 2Q 


Ti-Ce 


3 


4 


7 


Ti 


4020.32 


Cr 







I 


8 




4026 . 5cS 


Mn 


2 X 


( 








26.t)Q 


Ti 


I 


s 


4 


3 




4027.19 
27.25 


^- 


I 



\ 


3 


8 




4027. S2 


— 


I 




O-I 


/ 




4028.50 


Ti-Ce 


4 




3 


8 


S|)ark line of Ti 


4030 -34 


Fe 


2 




2-3 


3 




4030.65 


Xd-Fe-Ti 


5 




5-<> 


3 




4030.8S ) 
30 -95 ) 


Mn 


10 (\ 




1 1 


4 




4033.22 
33 34 


Mn 
Fe / 


8(1 

1 


' f 
) 


10 


3 


Widened 
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A 


J 


11 


!i 


'^t 


Remarks 




« 


a 


a 


^ 




4034.64 


Mn 


6d 


8 


3 


Widened, hazy 


4036.52 


— 





o-i 


8 




4036.92 


V,— 


I 


o-i 


7 




4037 27 


— 


2 


2 


8 


Very hazy. Rowland's intensity 


4038.94 


— 


2 


2-3 


3 


[too high: i better 


4040.09 


Fe 


I 


1-2 


3 




4040.24 


Fe? 


2 


1-2 


3 




4040.79 


Fe 


3 


4 


4 


Hazy. Rowland's intensity too 


4041.43 
41-52 


Fe 
Mn 


i \ 


9 


5 


Widened ^^'^^'' ^^^''' 


4044.06 


Fe 


3 \ 


4 


6 




44-14 


— 


2 5 






4045 54 


Co 


5 


5-^ 


3 


Difficult: in shade of following line 


4045.98 


Fe 


30 


32 


6 


Probably slightly strengthened 


4047.82 


Y 


oN ( 








47 96 


— 


oN S 


1—2 


7 




4048.82 
48.91 


Zr 
Mn-Cr 


I ) 
5 ) 


7 


6 


Widened 


4050.83 


Fe 


2 


1-2 


3 




4051.49 


Cr-V 


oNd? 


O-I 


3 




4052.60 


Mn,Fe 


2 ) 






Rowland's intensity t(K) high: 4 


52.65 


— 


3 ) 


4 


3 


better for total 


4053 98 


Cr-Fe-Ti 




2-3 


7 




4054.59 
54.71 


Zn 
Sc 




o^N J 


1-2 


3 


Strengthened to red 


4054.96 


Fe 


2 ) 


4 


6 




55.02 


Fe 


3 5 




4055 70 


Mn 


6 


7 


6 




4056.50 


Fe 


I ) 








56.60 


— 


\ 


2 


3 




4057.37 


Co 


I N \ 


4-5 




Not fully separated from follow- 


57 50 


Fe 


3 \ 


4 


ing line 


4057-67 


— 


7 


5 


4 




4059.08 


Mn 


3 


4 


6 




4059 54 
59 65 


Mn 


iNd?( 
^ 


2 


3 


Widened to red 


4059.87 


Fe 


2 


1-2 


7 




4060.42 


Ti 


I 


2 


8 




4060 . 64 


— 





00 


3 


Nearly ohliteraterl 


4060.92 


— 





O-I 


3 




4061.78 


Mn 


2Nd 


2-3 


6 


Fringe on violrt side 


4062.10 


— 


2 


1-2 


3 




4062.60 


Fe 


5 


5-6 


5 


Widened 


4064.36 


Ti 


I 


2 


5 




4065.24 


Mn-Ti 


2d? 


3 


7 




4066.52 


Co 


2 


3 


7 




4067.14 


Cr-Fe 


5 


5-6 


3 




4067.43 


Fe 


3 


4-5 


6 




4068.14 


Fe-Mn 


6 


7 


6 


Very hazy, widrncd 


4068.69 


Co 





O-I 


3 


' 


4070.43 


Mn 


3 


4-5 


7 


Much widciUMJ 



so 
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A 


ement 


-0 




II 


umber of 
01 serra- 
tions 


Remarks 




W 


a 




a 


^ 




4073.92 


Ce, Fe 


4 




5 


4 




4075.26 


— Nd • 


2N 




1-2 


6 


Rowland's intensity too high: i 
better 


4076 . 10 


Fe 


3 




2-3 


7 




4077.88 


Sr 


8 




8 


6 


Winged 


4078.52 


Zr-Fe 


4 


i 


8 


7 




78.63 


Ti 


3 




4079 -34 


Fe 


2 


, 


6 


4 


Widened 


79-39 


Mn 


3 


1 








4079-57 


Mn 


3 




3-4 


3 




4080 . 00 


Fe 


3 




4 


7 




4080.37 


Fe, Nd, Cr 


3 




3-4 


3 




4081.38 


Zr, Ce 





I 


2 


4 




81.42 


— 


I 


) 




4082.26 * 


Fe 


2 




2-3 


3 




4082.59 


Sc-Fe-Ti 


3 




4 


8 




4083.10 


V-Mn 


4 




5 


7 


Widened 


4083.72 


Fe 


2 


) 


7 


4 




83.78 


Mn, y 


4 




4084.65 


Fe 


5 




5 


7 


Perhaps winged 


4085.47 


Fe 


4 




5-6 


7 


Widened 


4086.47 


Co — 


3d? 




4 


7 


Much widened 


4086.86 


La 


I 




1-2 


3 




4089.37 


Fe 


3 




4 


6 




4090.73 


V 


I 




2 


8 




4091. II 


Ce — 


3 




3-4 


4 




4091.71 


Fe 


3 




3-4 


6 




4092.82 


V,Ca 


3d? 




4-5 


8 




4095.09 


Ca? 


4 




5 


8 




4095.42 


Mn 










6 




9551 


— 











4095-^^3 


V 







I 


6 




4096.37 


— 


I 




1-2 


6 




4097 . 24 


Fe 


3 




3 


7 


Very broad and hazy 


4097.61 


— • 


000 







3 




4097.81 


— 







o-i 


6 




4098 . 1 2 


— 







o-i 


3 


Seen as fringe on following line 


4098.34 


Fe 


5 




4-5 


6 




4098 . 69 


— 


4 


\ 


7 


7 




98 75 


-Co? 


2 




4099.21 
99-33 


Ti 




00 


i 


1-2 


6 


Very broad 


4099.94 


V 


2 




4 


8 




4100.32 


Fe 


2 




1-2 


6 




4100.50 


— 







I 


3 




4100.90 


Fe 


4 




4-5 


5 




4102.00 


H, In 


40 N 




20 


7 


H S'ls both narrowed and weakened 


4102.32 


V 







I 


7 




4103.10 


Si, Mn 


5 




6 


4 




4104.91 


Co, V 


00 







7 




4105.32 


V 


2 




4 


8 


Broad 


4105.98 




°~ 




00 


^ 
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TABLE 11— Coniiniud 



A 


u 


4 

1 




fl 


"o * 


Remarks 






a 


A 




•^ 


1 






4106.42 


Fe 


2 




3-4 


7 






4106.58 


Ft 


2 




1-2 


6 






4106.8 











3 


Perhap)s a blend of two faint solar 


4107.65 


Ct-Fe 


5 




6 


4 


lines 
Widened, hazy 




4108.29 


— 


I 




1-2 


4 






4108.69 


— 


2 




3 


7 






4109.22 


Fe 


3 




3-4 


5 


Narrow 




4109.90 
0995 


V 
Fe 


2 

3 


\ 


7 


7 


Much widened 




4III.I5 


— 


I 




00 


3 


Nearly oWiterated 




4III.5I 


Ce? 


I 




1-2 


4 






4III.94 


V 


4 




6 


8 


Very broad 




4112.48 


Fe 


2 




3 


7 


Much widened 




4112.87 


Ti 


I 




2 


8 






4II307 
13.12 


Fe 


I 
3 


\ 


3 


8 


Narrow 




4113.68 


— 


000 Nd? 


I 


7 


Broad patch 




4114.27 


— 


00 d 




o-i 


3 






4114.61 


Fe 


4 




5 


6 


Widened 




4115-33 


V 


3 




4-5 


8 






4116.63 
16.71 


V 
V,Fe? 


I 





3-4 


8 






4116.97 


Nd? 


00 







3 


Seen as fringe on 4 116 . 86 




4II7.II 


— 







o-i 


3 






4117 59 


— 


000 




o-i 


3 


Broad patch 




4118.01 


— 


2 




3 


7 


Widened 




4118.31 


V 







O-I 


7 






4118.71 


Fe 


5 




6 


5 






4118.93 


Co 


4 


\ 


7 


5 






19-05 


Fe 


2 






4120.78 


— 







I 


3 


Broad patch. Hassclherg gives 


V 


4121.48 


Cr-Co 


6d? 




7 


5 


[4120 


Og 


4121.96 


Fe.Cr 


3 




3-4 


5 






4122.82 


— 


I 




1-2 


3 






4123.38 


U 


I 







5 






4123.54 


Cr 





) 










23.66 


Ce, V-Mn 


I 


• 


3-4 


8 






23 71 


Ti 


000 


) 










4123.91 


Fe 


5 




4 


4 


Rowland's intensity loo high: 
better 


4 


4124.64 


— 







O-I 


3 






4125.53 


— 


000 







3 






4125.78 
25-85 


Fe 


3 
I 


! 


3 


5 


Narrow 




4126.20 


— 


000 












26.34 


V-Fe 


4 


5 


5 






4126.67 


Cr 


2 




3 


7 


Rowland's intensity too high: 
better 


I 


4127.01 


— 


I 


• 


2 


7 






27.07 


Cr 


00 






4128.25 


Ce-V,— 


6d 




8 


6 
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a 




>. 


"o p 




A 


S 
1 


'U 






ill 


Remarks 






a 




a 


Z 






w 










4128.46 


— 


00 







3 




4128.89 


— 


2 







7 


Nearly obliterated ; fringe on red side 
probably due to 4129. 13 


4129.34 


Ce — 


3 




3-4 


6 




4129.62 


— 


2 




1-2 


7 




4130. II 
30 20 


Fe 




2 


'1 


3 


7 




4130.60 


— 





i 


3 


6 




30.80 


Ba 


2 






4131-27 


Ce, Mn 


I 




2 


4 


Hasselberg gives 7 4 131 .32 


4131-51 


Cr 







I 


7 




4132.10 
32.24 


V 
Fe-Co 


2 
10 


! 


14 


6 


Widened to violet 


4132.69 


— 


3 




2 


7 




413306 


Fe 


4 




4-5 


5 




4133-76 


Fe 


2 







7 


Rowland's intensity too high: i 
better. Fringe to violet 


4134.49 


Fe? 


3 


i 


7-8 


6 




34.59 


Fef 


3 






4135-84 


— 


00 


1 


1-2 


7 




3592 


Zr 







4136.68 


Fe 


4 




5 


7 




4137.16 


Fe 


6 




7 


4 


Spark line of Mn falls here 


4137-43 

37-57 


Ti, Mn 


oNd? 
2 ) 


3-4 


7 


Widened to violet 


4138.13 


— 







o-i 


3 


Broad 


4138.52 


— 


oN 




6 


8 




4139-52 


— 


00 




J 


4 


Broad patch. Hasselberg gives 


39-6i 


— 


000 






F 4139.39 


4140.09 


Fe 


6 




6-7 


3 




4140.56 


— Fe? 


3 




3-4 


7 


Much widened, perhaps winged 


4140.91 


— 







O-I 


3 




4142.02 


Fe 


4 




4-5 


3 


Widened 


4143-57 
43.66 


Fe 
— , Mo 


4 
2 


i 


5-6 


5 


Narrowed in spot 


4144.04 


Fe 


15 




13 


6 


Narrowed in spot 


4146.22 


Fe 


3 




3 


6 


Fringe on red side 


4146.84 


— 


oN 




I 


7 


Broad 


414714 


— 


2 




I 


7 




4147.50 


— 


2 




1-2 


3 


Rowland's intensity too high: i 


4147.84 


Fe 


4 




6-7 


7 


[l>etter 


4148-55 


— 


00 







3 




4U9 53 


Fe 


4 




5 


6 


Widened 


4149.92 


- 


2 




3 


7 




4150 41 


— 


4 




4-5 


7 


Rowland's intensity too high: 3 
better 


4150.61 


Co 


I 







7 


4151 13 


Ce-Zr, Ti 


I 




1-2 


6 




4 1 5 2 . 24 


— 


I 


/ 








52-34 


Fe 


3 


$ 


4-5 


5 




4152.69 
52.76 


C? 
Zr 


00 
00 


( 


o-i 


3 


Hasselberg gives I' 4152.81 


4152.93 


Cr, La 







00-0 


3 
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A 


1 


A 




IS 




Remarks 




a 


c 






2; 




4153 -22 


Cr 


00 




o-i 


7 




4153-78 


Co 







o-i 


3 




4153-97 


Cr 


I 


\ 


6 


6 




54-07 


Fe 


4 








4154 67 


Fe 


4 




4-5 


7 


Widened 


4154.98 


Fe 


4 




4-5 


5 




4155-21 


— 


00 







2 




4155-68 

55 80 


■~~" 


00 
00 


\ 


I 


3 


Broad patch 


4156.07 


— 


I 




O-I 


3 




4156.39 


Zr 


I 




2 


4 




56.47 


— 


3 






4157-95 


Fe 


5 




5-6 


3 




4158-54 


Cf 





I 


I 


7 




58.59 


C? 


00 






4159-35 


— 


5 




4 


7 




4159.80 


Ti 







I 


4 




4160.53 




2 




3 


7 


Widened. Hasselberg gives V 
4160.57 


4161.37 


Zr — 


2 




1-2 


3 




4161.68 


— 


4 




3-4 


7 


Widened. Spark line of Ti falls 

here 
Nearly obliterated. Spark line of 

Sr 


4161.96 


Sr 


I 




00 


7 


4162.28 


— 


ooN 







3 


4162.62 


c,- 


iN 




O-I 


3 




4162.82 


Ce,C 


iN 




O-I 


3 




4163.07 


— 


00 


! 


I 


6 




63.14 


— 


000 








4163.64 


— 


od 




O-I 


3 




4163.82 


Cr-Ti, — 


4 




3-4 


4 


Spark line of Ti 


4164.80 
64.94 









i 


2 


7 


Hasselberg gives Ti 4164 .80 


4165.28 


— 







I 


7 




4165.55 


C.Fe 


3d 




2-3 


3 


Narrow 


4165.76 


— Ce 


I 




O-I 


7 




4166.16 
66.26 


Ba 



00 


1 


1-2 


6 




4166.36 
66.46 


— 


00 



i 


2 


6 


Hasselberg gives Ti 4166.45 


4167.44 


— 


8 




6 


6 




4168.02 
68.13 


Ce-Fe 

Ni, C 


2 
2 




4-5 


6 




4168.63 
68.78 





ooN 

2 


i 


3 


7 


Strengthening due to 4i6,S 6^ 


4169. II 


— 


2 




2-3 


3 




4169.93 


— 


2 




2-3 


3 




4171.07 


Fe 


4 




4-5 


3 




4171-85 


C.Fef 


2 




2-3 


6 




4172.07 


Ti, Fe 


2 




1-2 


6 


Spark line of Ti 


4172.21 
72.30 


Al 
Fe-Ce 


I 
2 


i 


4-5 


7 
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A 


g 

c 








io-2 


Remarks 




V 


«j-^ 




^^ 






5 


a 




a 


>^ 




4172.80 


— 


2 


1 


6 


5 


Weakened to violet, probably 


72.92 


Fe 


4 


strengthened to red 


4173.14 


— 


I 




o-i 


6 




4173.62 


— 


3 


• 


4-5 




Spark line of Fe 


73-71 


— 


3 


7 


Spark line of Ti 


4174 10 


Fe 


3 






6 


Weak to red. Spark line of Ti at 


74.24 


— 





^ 


4174.20. Hasselberg gives V 














4174-18 


4174.97 
75 08 


Cr 
Fe 



4 


I 

S 


5-6 


7 




4175-29 


— 


iN 







7 




4175.81 


Fe 


5 




S-6 


3 




4178.22 


— 


2 




I 


7 




4179.02 


— 


3 




2 


7 


Spark line of Fe 


4179-54 


V,- 


3d? 




3-4 


7 


Widened 


4180.56 


— 


I 




1-2 


6 




4181.35 


— 







O-I 


3 




4181.92 


Fe 


5 




5-6 


4 




4182.14 


— 


2 




1-2 


7 


Narrow 


4182.92 


— 


2 




1-2 


4 


Narrow 


4183.17 


— 


I 




o-i 


5 




4183.48 


Zr 


iN 


I 






Weak to red. Spark line of V at 


83.62 


— 


2N 


s 


2 


7 


4183.60 


4184.16 


— 


4 




3 


7 


Rowland's intensity too high: 3 
better 


4184.47 


— 


2 




1-2 


7 


Narrow. Spark line of Ti at 
4184.40 


4185.06 


Fe, Cr 


4 




5-6 


7 




4186.28 


Ti 


I 




2 


7 




4186.78 


Ce-Zr 


2N 




1-2 


6 




4187.20 


Fe 


6 




7 


6 




4187.94 


Fe 


5 


I 


9 


6 




88. 02 


— 


3 


) 




4188.89 


— 


4 




3-4 


5 




4189.14 


C, — 


1 


) 








8g.26 


— 


I 


< 


2-3 


4 




4189.98 


V 


Nfl 


■> 


I 


7 


Rowland's intensity too high: 00 
better 


4190-29 


Cr 


oN 


I 


1-2 


6 




90.40 


C 





) 








4190.87 


C\ Co 


I Nd 


p 


2-3 


8 




4191 .60 


Fe 


6 




7-8 


7 


Winged 


4191.84 


Fe 


3 




3-4 


6 




4192.50 


C 


ooN 




00-0 


3 




4192-73 


— 


2N 




I 


7 




4194.89 
9501 


Cr 


I 
I 




3 


6 


Very broad 


4195-49 


Fe 


5 




5-6 


6 




4195.68 


— 


I 


i 








95 ■ 78 


Fe~C 


2 


3-4 


7 




4197.26 
97-30 


C 
Cr 


2 



1 


3 


7 


Widened to red 
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TABLE 11— Coniinued 



A 


8 


il 




la 


ill 


Remarks 






S 


Holt 




H'^ 








3 


c 






z 






4197-81 
97.90 


— 


00 
00 




I 


6 


Hasselberg gives F 4197.77 




4198.22 


Fe 


2 




2-3 


4 






4198.40 


— 


4 


i 










98.49 


Fe 


4 


7 


4 






4198.80 


Fe 


3 




3-4 


6 






4199-27 


Zr-Fe 


5 




6 


4 


Very hazy 




4200.04 


— 


I N 


) 










00.15 


Fe 


2 


[ 


4 


7 






00.26 


Cr 


00 


) 










4200.95 


Ti 


I 




2 


7 






4201 .09 


Fe 


3 




3-4 


4 






4202.20 


Fe 


8 




10 


6 


Winged 




4203.62 

03 73 


Ti 
Cr 


ooN 
2 


i 


3-4 


7 






4204.88 


— 


I 


i 


2 


5 






04.92 


— 


2 








4205 19 
05.24 





I 
I 


\ 


2 


7 


Widened 




4205.70 


— 


2 




2-3 


5 






4206.74 


— 


I 






6 


Rowland's intensity too low: 


5 


06.86 


Fe 


3 


5 


better for total 




4207.29 


Fe 


3 




3-4 


7 






4208.77 


Fe 


3 




3-4 


7 






4209.98 


V 


I 




2 


7 






4210.49 
10.56 


Fe 


4 
3 


\ 


8-9 


6 


Widened 




4211.13 


— 


3N 




2-3 


3 






4211.51 


c-<:r 


oN 




o-i 


4 






4211.90 


Mn,C 







I 


6 


Hasselberg gives Ti 421 1 .85 




4212.05 


Zr- 


2 




I 


7 






4213.81 


Fe 


3 




3-4' 


7 


Narrow 




4215-58 
15-70 


Fe 
Sr 


2 

Sd? 


\ 


8 


3 


Spark line of Sr 




4216.35 


Fe 


3d? 




4-5 


7 


Widened 




4216.76 


— 


I N 




o-i 


3 






4217.72 


La, Fe-Cr 


5d? 




5-^ 


3 






4218.56 


— Zr 


I Nd 




1-2 


6 






4220.51 


Fe 


3 




4 


6 






4221.63 


— 


iN 


\ 


I 








21.74 


Cr 





4 






4222.38 


Fe 


5 




6 


6 






4223.64 
23-74 


~~" 


I 

I 




1-2 


3 






4224.34 


Fe 


4 




5 


3 


Hasselberg gives V 4224.30 




4224.67 


Cr-Fe 


3 












24.79 


Ti 


00 


4 


7 






4225.02 


— 


2N 




1-2 


7 


Spark line of Cr 




4225.62 


Fe 


3 




3-4 


5 






4226.90 


Ca 


20 d? 




25 


8 


Very dilTicult line. Widened 
winged 


ind 


4228.10 


~~ 


iN 




o-i 


3 
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•; 


ll 




>• 






A 


g 


Up^ 




11 


3 WS 


Remarks 




U3 


G 




^ 


/5 




4229.68 


Fe 


2 




2-3 


3 


Widened to violet 


4229.93 


Fe 


3 




4 


4 


Difficult 


4232.76 
32.89 


V 
Fe 


00 
2 


i 


3-4 


9 




4233 -33 


Mn 


4 




3 


8 


Strong spark line of Fe falls here 


413377 


Fe 


6 




7 


7 




4234-17 


Co,V 


oN 




o-i 


8 


Rowland's intensity too high: 00 
better 


4234.71 


Zr 


oN 




I 


8 


Hasselbcrg gives V 4234 .70 


4235-30 


Mn 


2 


( 


6 


4 




35-45 


Mn 


3 


) 






4238.19 


Fe 


3 




3-4 


8 


Widened 


423952 


— 


2 




2-3 


8 




4239.89 


Fe, Mn 


3 


) 








40.01 


Fe 


3 




9 


5 




40. 12 


— 


I 


) 








4240.54 
40.62 


Fe 


2 
I 


■ 


4 


8 


Hassclberg gives V 4240.53 


4240.87 


Cr 


I 




1-2 


3 




4241.28 


Fe-Zr 


2 




3 


8 




4241.68 
41.87 





ooN 

00 N 


i 


I 


8 


Broad patch 


4242.32 


— 







I 


4 




4242-54 
42.62 


z 


2 

2 


1 


3 


8 


Spark line of Cr at 4242.54 


4243-9*5 


— 


2 




1-2 


3 


Narrow 


4245.42 
4552 


Fe 


4 

2 


i 


8 


7 


Probably winged 


4247.00 


Sc 


5 




6 


5 




4247.46 
47-59 


Fe 


I 
4 




6 


4 


Hasselbcrg gives V 4247 .46 


4247 73 


— 







00 


8 




4248.48 


Ti 


00 


I 


2 


8 


Widened to violet 


48 58 


— 


1 


s 








4249.10 


— 


2N 




1-2 


8 




4250.29 


Fe 


8 




9 


5 




425239 


— 


00 




1-2 






52 47 


Co 







9 


Broad 


4252. 7<S 


— 


oN 




I 


5 


Weak to violet. Spark line of 


52.92 


— 


I N 




at 4252.80 


4253 16 


— 


I 




o-i 


8 


Spark line of Mn 


4253 •3^> 


— 


I 




r-2 


3 




4254 50 





8 




10 


7 


Widened: probably winged 


4255.^)6 
55-79 


Fe, Cr 


I 
I N 


t 


2-5 


5 




425^^29 

56-37 


Ti 




I 


! 


2-3 


4 


Very broad 


4257.82 


Mn 


2 




2-3 


6 




4258..:52 


— 


I N 




O-I 


3 




425^^^-48 


Fc 


2 




4 


9 




4 250. 40 


— 


I X(l 


> 


2 


3 


Hasselbcrj; gives V 4259.46 


4200.64 


Fe 


10 




9 


4 


Ai)i>arcntly narrowed in spot 
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TABLE II— <:ontinued 



A 


1 






•0^ 

III 


Remarks 




a 





a 


;? 




4261.68 
61.75 


— Cr 
Ti 


4 \ 


3 


7 


Widened to red 


4262.09 
62.14 





I ) 
I ) 


O-I 


8 


Spark line of Cr at 4262 . 15 


4263.29 


Ti, Cr 


2 


3 


8 




4264.37 


Fe 


3 


4 


4 




4264.90 


Fe 


2 


1-2 


3 




4265.83 


Ti 





o-i 


8 




4266.08 


Mn 


2 


2-3 


8 




4266.78 


— 





o-i 


3 


Rowland's intensity too high: 00 
better 


4267.12 


Fe 


3 


3-4 


7 




4268.78 
68.92 


Fe 


I \ 


3-4 


7 


Hasselberg gives V 4268.78 


4269.45 







000 


3 


Nearly obliterated . Perhaps spark 
Une of Cr 


4269.90 
70.02 


— 


2N 5 


3 


8 




4271.93 


Fe 


15 


15 


7 


Very hazy. Probably narrowed 
in spot 


4272.70 


Ti,— 


I 


2 


8 




4274.75 
74.96 


Ti 
Cr 


7d? \ 


12 


8 


Much widened to violet 


4277.15 


V,— 


iN 


1-2 


6 




4277.69 




2d? 


3 


8 


Much widened 


4278.39 


Fe-Ti 


3^^ 


3-4 


6 


Narrow 


4279.01 


Ti,- 


iN 


1-2 


7 




4279.87 


— 


2Nd? 


I 


3 




4280.56 


Cr 


I 


2 


8 


Broad 


4280.94 


— 


I 


O-I 


3 




4281.26 


Mn 


2 


2-3 


6 


Narrow 


4281.53 


Ti 





1-2 


8 




4282.13 


— 


2N 


1-2 


3 




4282.56 


Fe 


5 


6 


3 




4282.86 


Ti 





O-I 


8 




4283.17 


Ca 


4 


5-^ 


9 




4283.90 


— 


000 





3 




4284.22 


Mfty V 





O-I 


3 


Seen as fringe on following line 


4284.38 





2Nd? 


I 


9 


Spark line of Cr 


4284.99 





I 


O-I 


3 


Rowland's intensity too high: 
better 


4285.16 


Ti,— 


2 


2-3 


8 




4285.52 


— 


I 








85.60 


Fe 


3 


3-4 


4 




85.69 


— 


I 








4286.17 


Ti,- 


2 


3-4 


8 


Narrow 


4287.57 


Ti 


I 


2 


8 




4288.31 


Ti, Fe 


I 


2 


4 




4288.89 




(00 N) 


I 


3 


Evident error in Rowland's inten- 
sity. Ma]) sliows strong line 
here. Spot intensity is on basis 
of 2 in Sun 
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-0 

c 






^5 








>.J 






u u 




A 


c 






fl 


15-5 


Remarks 






c 




a 


>?; 






U- 










4289.12 
89.24 


Ti 


I 

2 


T 


4-5 


8 




4289.52 


Ca 


4 




5 


8 




4289.88 
90.08 


Cr 
Ti 


5 
I 


! 


8 


8 


Ti line probably weakened. 


4290.38 


Ti 


2 




1-2 


6 


Narrow. Spark line of Ti 


4291. II 


Ti 


3 




3-4 


8 




4291.28 
91-38 


Ti 


2 

I 


I 


2-3 


3 




4291.63 


Fe 


2 




3-4 


8 


Widened 


4292.14 


Cr,V 







O-I 


8 


DilTicult. Seen as fringe on fol- 
low ng line 


4292.21 
92.29 


z 


I 

2 


I 


2 


5 


Spark line of Mn at 4292.35 


4292.45 


— 


2 




2-3 


7 




4293-19 


— 


2 


1 


4 


8 




93 • 27 


— 


3 


) 






4294.20 
94-30 


Ti 
Fe 


2 

5^^ 


1 


9 


8 


Spark line of Ti 


4295-19 


— 


3d? 


t 


4-5 


8 




95.38 


— 


3Nci?^ 




4295.91 


Cr, Ti 


2 




3-4 


8 


Narrow 


4296.74 
96.84 


Zr? 


3 

I 




3 


5 


Spark line of Fe at 4296 .72 


4297 -37 


— 


2 


I 


3 


5 




97 45 


— 


2 


\ 




4297.68 


— 


I N 




o-i 


5 




4297.91 


Tr, V 







o-i 


8 




4298.14 


Ti 


I 


) 




8 




98.20 


Fe 


2 


) 


4 




4298.36 


— ■ 


I 




o-i 


3 




4298.83 


Ti 


2 




3 


8 




429S.97 


— 


2 




I 


3 




4299-15 


Ca 


3 




4 


g 




4299 41 


Ti, Fe 


4 




5 


3 




4299.80 


Fe, Ti 


2 




3 


9 




4299.99 


— 


I N 




o-i 


3 




4300. 21 


Ti 


3 




2-3 


9 


Spark line of Ti. Rowland's 
intensity too low: 4 better 


4300,48 


— 


I N 




O-I 


3 




4300 -73 


Ti 


2 




3 


8 




4300.99 


— 


I 




O-I 


7 




4301 . I 6 


Ti 


2 










r . 26 


— 


4 


8 


8 


Weak on red edge; Ti line 


01.33 


— 


I 






strengthened 


4301 .go 


— • 


oX.l 


■> 


00-0 


3 




4302. oS 


Ti 


2 




1-2 


4 


Spark line of Ti 


430 2.f>Q 


Ca 


4 




6 


9 


Pr()l)al)ly winded 


4303-34 


— 


2 




I 


8 


Spark line of Fe 


4303 ■ 5^"^ 


— 1 


I X 


, 


O-I 


3 




430^09 

04 . 10 


— 


2 
4 


s 


4 


8 
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TABLE II— Continued 







^3 




>. 


li 




k 


1 


11 




Is 

ad". 




Remarks 










e 


'z. 






^ 


M 








4304-42 





I 




O-I 


3 




4304.55 


— 


I 




O-I 


3 




4304-73 


Ft,- 


2 




1-2 


6 




4305.27 





I 




o-i 


7 




4305.48 

05.61 


Fe,Sr,Ti, Cr 


I 

3 


i 


3-4 


5 


Spark line of Sr 


4306.08 


Ti 


4 




• 5^ 


8 




4306.86 


— 


2 


s 


3 


8 




07.02 


— 


2 






4307.91 


Ca 


3 


j 


10 


8 


Violet component probably 


08.08 


Fe 


6 


strengthened, red weakened. 














Spark line of Ti at 4308 . 10 


4309.06 
09.20 


Ft 


I 
2 


! 


2-3 


7 




4309-54 


Ft 


3 




3-4 


7 




4309 79 


— 


I 


\ 




5 




09.88 


— 


I 


I 




4309 -99 
10.07 











1-2 


7 


Hasselberg gives V 4309.95 


4310-27 


— 


2 




I 


7 




4310.54 
10.63 





2 
I 




2-3 


4 




4310.86 





2N 




2-3 


6 




4311.06 


— 


I 




1-2 


6 




II. 15 


— 


I 








4311 .61 
11.67 


— 


2 

2 




2-3 


5 


Spark line of Mo at 43 11 .71 


43"-25 
12.31 


— 


2 

I 




2 


4 




4313 03 


Ti 


3 




2-3 


7 


Spark line of Ti 


4213.80 




2Nd? 


1-2 


3 




4314.25 


Sc 


3 




3-4 


7 




43U 96 


Ti 


I 




2-3 


8 




4315-14 
15.26 


Ti 
Fe 


3 
4 


i 


8 


6 


Spark line of Ti 


4316.96 


Ti? 


I 




o-i 


8 


Spark line of Ti 


4318.82 


Ca.Mn? 


4 




6 


8 


Wingrrl. Hassdhcrg gives Ti 
43IH-83 


4320.66 
20.76 






00 


i 


1-2 


7 




4321.12 


— 


2 




1-2 


7 


Possil)ly spark line of Ti 


4321.81 


Ti 







I 


8 




4323 -39 


— 


2Nd? 


I 


5 




4324.01 


— 


3 




2 


5 




4324.57 


— 


2N 




1-2 


4 




4325.15 
25.31 


Sc 
Ti, Cr 


4 
I 


! 


6 


7 


Widened to red 


4325.94 


Fe 


8 




8 


6 


.Aj)]»arently narrowed in spot 


4326.52 


V 







I 


7 


Narrow 


4327-27 


Fe 


3 




2-3 


3 




4328.08 


Fe 


2 




2-3 


f) 


Mui h widened: very hazy 


4328.77 


~~* 


oN 




00-0 


8 
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TABLE 11— Continued 






^ 


^l 




>. 


*O0 




A 


i 


11 




ll 


III 


Remarks 




U4 


c 




a 


/^ 




4329-45 





oN 







3 




29 


56 


— 


oN 






4330 


19 


V 


oN 




2 


9 




4330 


40 


— 


I 







7 




4330 
30 


57 
61 


z 






s 


00-0 


3 


Spark line of Ti at 433° • 5° 


4330 


87 


r», Ni 


2 




1-2 


8 


Spark line of Ti 


4331 


81 


Ni 


2 




2 


7 


Very narrow line in spot. Meas- 
ures show no change 


4332 


99 


V 





i 


2 


9 




33 


08 


— 









4335 


10 


La 







I 


7 


Broad. Hasselberg gives Ti 
4334.98 


4337 


22 


Fe 


5 




7 


8 


Winged 


4337 


72 


Cr 


3 




4-5 


8 




433« 


08 


Ti 


4 




3 


9 


Spark line of Ti 


4338 


43 


Fe 


I 




2 


9 




4339 


62 


Cr 


4 




6 


8 




4339 


88 


Cr 


3 




4 


8 




4340 


30 


Cr 







o-i 


7 




4340 


63 


H 


20 N 




8 


8 


if 7 is both weakened and narrowed 


4341 


17 


V 







2 


9 




4341 


53 


Ti? 


2 




I 


8 


Spark line of Ti 


4342 
42 


35 
48 


z 



00 


i 


I 


3 


Broad patch 


4343 


37 


Cr 


2 


i 


4-5 


7 




43 


43 


Fe 


2 




4343 


86 


Fe 


2 




2-3 


3 




4344 


13 


— 


iN 







3 


Rowland's intensity too high: 
belter. Spark line of Mn 


4344 


45 


Th — 


2 




1-2 


7 


Spark line of Ti 


4344 


67 


Cr 


4 




6 


8 




4345 


05. 


— 


° 




00 


3 




4345 
45 


25 
40 


z 


00 
0000 


) 


o-i 


3 


Broad patch 


434^> 


2S 


— 


00 




00-0 


3 


Hasselberg gives Ti 4346 . 26 


434^^ 


45 


— 


I 




O-I 


9 




434^J 


99 


Cr 


I 




1-2 


9 


Rowland's intensity too high: 
better 


4347 


40 


Fe 


I 




2 


9 




434H 


50 


— 


I N 




O-I 


7 




4349 


II 


Fc 


2 




2-3 


3 




4351 


00 


Ti 


I 




O-I 


g 


Spark line of Ti 


4351 


22 


Cr 


3 




5 


8 




4351 


93 


Cr 


5 


t 




. 


Strenpihcning very doubtful. Spark 


52 


08 


Mg 


5Nd- 


') 


1 1 


/ 


line of Fe at 4351 -93 


4352 

53 


91 
04 


Fe 
V 


4 



1 


7 


9 


Widened to red 


4355 


26 


Ca? 


2 




3 


9 


Perhaps winged 


4^^^> 


O^) 


— 





/ 






Strenptliening due mainly to violet 


S() 


16 


.Vi 





) 


2 


9 


component. Hasselberg gives V 














435^^ 10 



UNES AFFECTED IN SUN-SPOTS 



6i 
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J 


>. 


li 




■ 


A 


1 


II 


1^ 


III 


Remarks 






3 


a 


a 


1 






4356.53 


— 





00 


4 






4356.77 


— 





O-I 


6 


Widened to red 




4359-65 


Ni 


° ) 










59-78 


Cr 


3 


5 


4 


Spark line of Zr 




59 91 


Zr 


) 










4360.45 


— 


I 


o-i 


4 






4360.64 


Ti 


I 


1-2 


7 






4362.91 


— 


oN 


00 


3 






4363 • 27 


Cr 


iN 


1-2 


4 






4363-46 


— 


oN 


00-0 


4 


Rowland's intensity too low: 

better 
Very broad. Hasselberg gives 


I 


4363-63 


— 


% \ 


I — 2 


g 


V 


63 -77 


— 






4363 69 




4365.17 


— 


000 


00 


3 






4366.06 


Fe 


2 


2-3 


3 






4367.22 


— 


000 





3 


Hasselberg gives V 4367 . 24 




4367.75 


Fe 


\ \ 


A 


8 


Weak at red edge. Spark line of 


67.84 


Ti 


U 


Ti 




4368.07 


Fe 


2 


2-3 


7 


Narrow 




4368.22 


— 


00 





3 


Hasselberg gives V 4368 . 25 




4369.05 


Ti 


00 Nd? 





3 






4369.57 


— 


I 





6 






4371-14 
71.22 


Zr 


: i 


1-2 


7 


Spark line of Zr 




4371-44 


Cr 


2 


3-4 


7 






4372.50 


~'~' 


od? 


O-I 


7 


Very broad. Hasselberg gives 
4372.54 


Ti 


4372.90 
73.01 


— 


: 1 





6 






4373-42 


Cr 


I 


2-3 


7 


Has.selberg gives V 4373-4© 




4373-73 


Fe 


2 


1-2 


5 


Narrow 




4374.98 


Zr 


t i 










75.10 


V,Mn 


3-4 


4 






4375-73 


— 


: ! 




5 






75.82 


— 









4376.11 


Fe 


6 


8 


6 


Probably winged 




4377-39 
77-53 


~~~ 


2N \ 
od? S 


1-2 


6 






4378 -42 


— 


2Nd? 


1-2 


5 






4379 40 


V 


4 


7 


6 


Very broad 




4380.32 


Co 


2Nd? 


I 


6 






4380.88 


— 


2Nd? 


I 


5 


Broad 




4381.27 


Cr 





o-i 


5 


Hazy, broad 




4382.85 
82.93 


Mn 
-Fe 


! ! 


1-2 


6 






4384.48 


— 


I 





4 






4384.87 


V 


3 


4-5 


6 


Much \\i(lencd 




4385.14 


Cr 


2 


3 


6 






4385.55 


— 


2 


o-i 


5 


Sf)ark line of Fe 




4387.01 


Ti? 


I 





7 


Spark line of Ti 




4387-22 


— 


I N 





6 


Pos>il)ly s[)ark line of Ph 




4388.06 


Fe.Co 


2 


2-3 


4 


Widened 
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A 





■J 


II 


umber of 
Observa- 
tions 


Remarks 




iM 


B 


c 


Z, 




4388.89 


— 


I 


Q 


3 




89.03 


— 


oN S 






4389.41 


Fe,— 


2 


3 


6 




4390.15 


V 


2 


4 


7 




4391.12 


Fe 


2 I 
I ) 






Weak on red edge. Spark line 


91.19 


Ti 


2-3 


3 


olTi 


4391.82 


Co 


) 








91.92 


Cr 


I 


3 


7 


Weak on violet edge 


92.03 


Co 


) 








4392.24 


V? 


iN 


1-2 


7 




4393-44 


— 





I 


7 




4393 69 


— 


iNd? 





5 




4393-97 


V? 


I 


1—2 


6 




94.09 


Ti 


) 








4394.22 


Ti? 


2 


1-2 


5 


Narrow 


4394-94 
95.02 


Zr 


00 ( 
00 ) 


O-I 


3 


Has.sclberg gives V 4394.98 


4395 - 20 


Ti 


3 


2-3 


7 


Narrow. Spark line of Ti 


4395-41 


V,Zr 


2 


3 


7 




4396.01 


Ti 


I 


o-i 


6 


Spark, line of Ti 


4397-12 


— 


I N 


o-i 


4 




4399 94 


Ti, Cr 


3 


2-3 


6 


Spark line of Ti 


4400.56 


Sc 


3 


3-4 


6 




4400.74 


V 


I 


3 


7 




4401 . 18 


— 


I X 


O-I 


4 


Possibly spark line of Pb 


4403 -35 


— 


I 


O-I 


6 




4404.43 


Ti 


iN 


1-2 


4 




4404 -93 


Fe 


10 


9 


6 


Apparently narrowed in spot 


4406.81 


F,— 


2 


4 


7 




4407.81 


V 


: ! 


8 


7 




07.87 


Fe 




4408.36 


V 


2 


3-4 


7 




4408.58 
08.68 


Fe 
V 


3 I 
2 ) 


7 


7 


Very broad 


4409.41 








00 


5 


Widened to red 


4409.68 


— 


I 


O-I 


4 




4410.68 


Ni 


2 


1-2 


3 




4411.24 


Cr- 


I 


1-2 


3 


Widened. Spark line of Ti falls 
here. 


441 2. OQ 


— 


I 





6 




4412.30 
12.42 


V 
Cr 


00 } 
$ 


2 


6 


Hazy 


4413.76 


— 


I 





6 




4415.29 


Fe 


8 


7 


4 


•Apparently narrowed in spot 


44 1 5 • 7 2 


— . 


3 


2-3 


6 


Narrow 


4416.64 


V 





2-3 


7 




4416.98 


— 


2 


1 


6 


Narrow 


4417-45 


Ti 


/ 


1-2 


^ 


Broad 


17-5'^ 


Co 


00 s 








4417.8S 


Ti, — 


3 


2-3 


6 


S|iark line of Ti 


4418.50 


Ti,— 


I 


o-r 


5 


Greaily widened. Rowland's in- 
tensity too low: 2 better 
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TABLE Il-—C(mtinued 



X 


1 


li 


Jl 


III 


Remarks 






w 


t-i 




Z 






4419 
20 


94 

10 


Mn 
V 


ooN I 
ooN ) 


1-2 


7 


Widened to red 




4420 


45 


— 





00 


6 






4421 


73 


V 





2-3 


7 


Very broad 




4421 


93 


Ti 


00 





3 


Perhaps spark line of Ti 




4422 


10 


— 


I 


00-0 


6 






4422 


98 


Ti 





I 


7 






4423 


30 


Fe 


oN 3 


2 


7 


Broad. Hasselberg gives V 




^3 


43 


Cr 




4423.32 and 74423-41 




4424 


01 


Fe?— 


2 


1-2 


3 


Narrow 




4424 
24 


46 
53 


Cr 


1 
00 ) 


1-2 


6 


Hasselberg gives Ti 4424 . 58 




4425 


61 


Ca 


4 


5-6 


7 


Winged 




4426 


20 


Ti 


oNd? 


2 


7 






4427 


27 


Ti 


2 


3 


7 






4427 


48 


Fe 


5 


7 


6 


Winged 




4428 


71 


V-Cr 


id? 


2 


7 






4429 


96 


V 


cx> 


I 


7 






4430 


36 


Fe 


I 





7 






4430 


52 


— 


00 


00-0 


3 






4430 


78 


Fe 


3_ 


3-4 


3 






4431 


30 


— 


oN 


00 


5 






4431 


52 


— 





O-I 


6 


Hasselberg gives Ti 4431 .46 




4432 


74 


Fe 


I 


1-2 


4 






4434 


17 


Ti 


oNd? 


1-2 


7 






4435 


13 


Ca 


5 


7 


7 


Winged 




4435 


32 


Fe 


2 


3 


5 






4435 


85 


Ca 


4 


6 


6 


Winged 




4436 


31 


V 





1-2 


7 






4436 


75 


— 


00 





6 


Hasselberg gives Ti 4436.75 




4437 


.n 


Fe-Ni 


2d? 


1-2 


4 


Narrow 




4437 


■73 


— 





00 


6 






4438 


.01 


V 





2 


7 






4438 


51 


Fe 


I 


1-2 


4 


Very much widened 




4440 


•05 


Fe 


I . 


2 


4 


Narrow 




4440 


•52 


Ti 


00 


I 


6 






4440 


99 


— 


I 


o-i 


6 






4441 
41 


15 
.26 


Fe 


\ 

,' 





6 






444 r 


•43 


Ti 


00 





6 






4441 


.88 


v.— 


3Nd? 


5 


7 


Very broad 




4443 


.00 


Fe 


I 


1-2 


6 


Narrow 




4443 


98 


Ti 


5 


4 


7 


Spark line of Ti 




4444 


•38 


— 





2-3 


7 


Rowland's idmiitiration V-7i 


for 












4444.57 evidently belongs 


to 












this line. Hasselberg gives 1 


K>th 












r and li here 




4444-73 


Fe, Ti 


2 


1-2 


6 






4445 


64 


Fe 


I 


2 


7 






4447 


30 


Mn, Fe 


2 


2-3 


4 






4447 


89 


Fe 


6 


8 


6 


Winged 




4449 31 


Ti 


2 


3 


7 
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TABLE 11— Continued 



A 


V 


H 


Il 


III 


Remarks 






w 


c 


B 


y. 






4450 65 


Ti? 


2 


1-2 


6 


Narrow. Spark line of Ti 




4451-09 


Ti 


I 


2 


6 






4452.17 


V 


oN 


2 


7 






4453-17 


Mn 


I 


1-2 


3 






4453-49 


Ti 


2 


3 


7 






4453-88 


Ti 


I 


2 


6 






4454.55 


Fe 


3 


3-4 


4 






4454.95 


Ca, Zr 


5 


7 


6 


Winged 




4455-48 


Mn, Ti 


2 


3 


6 






4455 98 
56.06 


Mn 
Ca 


1 ! 


7 


7 


Winged 




4456.79 


Ca 


2 


3-4 


7 


Perhaps winged 




4457.60 
57-71 


Ti, V, Zr 
Mn 


• ! 


5-6 


6 


Strengthened to \iolet 




4458.24 


Fe? 


2 


1-2 


6 






4459 52 


Cr 


I 


1-2 


4 


Widened 




4459-92 


V 


I 


2-3 


7 






4460.39 
60.46 
60.52 


V 
Mn 


■ i 

) 


4 


7 


Rowland's intensity too low: 
better for total 


3 


4461.82 


Fe 


4 


6 


6 


Much widened 




4462.16 


Fe-Mn 


7, Xd ? 


3-4 


7 


Widened 




4463 -57 


Ti-Ni 


° ) 










63.70 


— 


00 


2 


6 


Widened to red 




63.84 


Ti 


0000 ) 










4464.62 


Ti? 


2 


1-2 


6 


Narrow. Spark line of Ti 




4464.84 


Mn 


2 ) 




- 






64.94 


Fe 


I s 


3-4 


3 






4465.98 


Ti 


I 


2 


7 


Rowland's intensity too high: 
better 





4466 73 


Fe 


5 


6 


6 


Widened, hazy 




4468.66 


Ti,— 


5 


4-5 


7 


Spark line of Ti 




4469.32 


Ti 


I 


o-i 


6 






4469.54 


Fe 


4 


4 


4 


Narrow, probably winged 




4469.87 


V 


00 





7 






4470.30 


Mn 


I 


1-2 


6 






4471-41 


Ti 





2 


7 






4471-72 


— 


00 X ) 
00 > 










71.85 


— 


1-2 


7 


Very broad 




71. Q7 


— 










447 2. 88 


Fe 


I ) 






Widened to red. Rowland's 


in- 


72.97 


Mn 


) 


2 


4 


tensity too low: 2 better for total 


4473 -JO 


Xi? 





00 


6 






4474.21 


— 


00 





4 


Hasselbcrg gives V 4474.21 




4475 03 


Ti 





2-3 


7 






4475-47 


Cr 


00 





6 






4476.18 
76.25 


Fc 


; i 


8 


4 


Perhaps winged 




4477-23 


— 


00 





3 






4478.19 


— 





o-i 


3 






4479.78 
79.88 


Fe 
Ti 


00 ) 


2 


6 


Widened to red 
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TABLE U— Continued 



k 


8 

i 


J 




li 


Remarks 




s 


*-* 




|0-5 




4480.31 


Fe 


I 


2 


6 




4480.75 


Ti, Ni 


oN 


o-i 


6 




4480.99 


— 





00-0 


3 




4481.30 


— 





000 


6 


Nearly obliterated. Rowland's in- 
tensity too low: I better 


4481.44 


Ti 


; 1 


2 


6 




81.52 


— 








4482.34 
82.44 


Fe 


5 

? : 

00 s 


II 


6 


Much widened 


4482.90 
83.04 


Tir-Fe 
Cr 


2-3 


6 


Very hazy 


4484.39 


Fe 


4 


4-5 


3 




4488.22 
88.30 


Fe-Cr 



I 


2 


6 


Widened to violet 


4488.49 


— 


I 





7 


Spark line of Ti 


4488.93 
89.08 


V 
Fe 


0000 
I I 


2 


7 


Widened to violet 


4489.26 


Ti 



2 




6 


Widened to violet. Spark line of 


89.35 


— 


3 


Feat 4489 -35 


4489.91 


Fe 


4 


6 


6 




4490.25 


Mn-Fe 


3N 


3-4 


6 




4491.57 


— 


2 


o-i 


6 


Spark line of Fe 


4491.82 


Cr-Mn 





o-i 


6 


Rowland's intensity too high: 00 
better 


4492.48 


Cr^Fe 





O-I 


6 


Much widened 


4493 70 


— 


I 


o-i 


6 


Fringe on red side 


4494.22 


— 


I 


1-2 


6 


Much widened 


4494.74 


Fe 


6 


7-8 


6 




4495 • 18 


Ti 


00 





6 




4496 32 


Ti 


I 


2-3 


7 




4497.02 


Cr 


3 


4-5 


6 


Hasselberg gives V 4497 .03 


4497 84 


Ti 


oN 


1-2 


7 




4498.90 


Cr 





O-I 


6 


Rowland's intensity too high: 
00 better 


449907 


Mn 


I 


1-2 


6 


Rowland's intensity too low: 2 
better 


4499.31 


'-— 


I 


o-i 


6 
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graph satisfactory for a detailed comparison with the spot spectrum. 
It should be remarked however, that a very much enlarged copy of a 
negative taken with an instrument of moderate dispersion (a heavy flint 
6o®-prism used in a Littrow spectrograph of twelve feet (366 cm) focal 
length) shows beyond a doubt that this group also is in spots. The 
structure of these bands is in some ways very similar to the group at 
X638S. The discussion of this point is reserved until a stronger 
high-dispersion photograph is obtained. 

It seems very probable from the following facts that the spectrum 
under consideration is due to some compound of calcium and hydrogen : 

The bands appear when an arc formed between metallic calcium 
electrodes bums either in commercial hydrogen or in hydrogen formed 
from zinc and hydrochloric acid and dried with sulphuric acid; but 
do not seem to appear when the same electrodes form arc in air. 

Also these bands do not appear when dry calcium carbide is used 
as electrodes in air; but do appear if wet cotton surrounds the elec- 
trodes. 

The bands appear when calcium metal electrodes arc burned 
in air if a stream of steam or hydrogen enters the arc through a hole 
bored in one electrode. 

The spectrum from which Plate VI was made was obtained by 
burning a calcium arc of from five to twenty amperes in an atmosphere 
of commercial hydrogen at atmospheric pressure. The arc was 
formed between a stationary copper rod as negative electrode and a 
rotating calcium disk as positive electrode. The first-order spectrum 
of a Littrow spectrograph of eighteen feet (549 cm) focal lcn<i;th with 
a six-inch (15.24cm) grating of 14,438 lines to the inch (5684 lines 
to the cm) was used. With a slit width of 0.003 '^^^^ (oo7S "i""^) 
a net exposure of two hours with a Wrattan & Wainwright panchro- 
matic plate was necessary. 

It should be mentioned that while testing calcium carbide in air 
to see if the spectrum were due to the carbide, some bands in the 
green, due to calcium carbide, were noted. These are beautiful 
strong bands degraded toward the red; but as they do not a])|)ear 
in spots, their discussion does not belong to this communication. 

The following table of wave-lengths inchcatcs tlie agreement 
which exists between the individual lines of the bands of the spectrum 
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Sun-Spot 


Ca IN 


H. 


Notes 


A 


Int. 


A 


Int. 


Spot 


Ca in H, 


6369 -45 


6 


•39 


6 


Center of wide blend 


Center of wide blend 


70.16 


4 


.10 


4 


Maximum of wide blend 


Maximum of wide blend 


70 -55 


I 










70.80 


I 


.76 


I 




Double 


71.14 


10 


.16 


8 






71-57 


5 


.63 


I 






7237 


6 


•37 


5 






72.88 


5 


.89 


5 


r« line at 72.86 




73-23 


5 


•23 


4 






73-67 


2 


.66 


I 


Wide 


Double 


74.03 


I 


.02 


I 


Double 


Double 


74.42 


14 


.42 


10 






74-94 


2 


•99 


2 






75-29 


2 


•31 


I 






75-80 


6 


.80 


8 




Wide 


76.07 


2 










76 47 


6 


.46 


4 






76.64 


I 


.62 


I 






77 08 


8 


•17 


5 


Wide 


Wide 


77 -.39 


4 






Hazv Ti line at 77 . 27 




78.18 


12 


15 


12 


Double 


Double 


78 48 


2 










79.00 


16 


.00 


10 


Wide 


Wide 


79 57 


3 


.60 


I 


Ti line at 79 . 54 




79 93 


4 


•93 


7 






80.23 


2 










80.62 


10 


.62 


8 


Blurred triplet 


Wide 


80.97 


6 






Double 




81.26 


8 


.26 


8 






81.61 


8 


•65 


5 




Double 


81.96 


6 


82.02 


6 






82.21 


16 


•25 
82.41 
82.62 


20 
2 

I 






82.81 


3 


•79 


2 






82 


98 


I 










83 


38 


I 










83 


57 


2 


•56 


2 


Double 


Double 


84 


02 


4 


83.97 


4 






84 


31 


4 


•31 


4 






84 


91 


9 


•91 


6 


Wide (triplet) 


Wide 


85 


60 


3 


.57 


2 






86 


04 


12 


.04 


II 


Wide 


Wide 


86 


91 


9 


•95 


8 


Maximum measured — 
has violet wing 




87 


31 


4 


•35 


2 






87 


68 


5 


■63 


4 


Ti line at 87 . 70 




87 


84 


5 


.86 


3 






87 


91 


3 


.92 


3 






88 


7^ 


6 


.67 


6 


Maximum 


Maximum 


89 


02 


2 


88 . 98 


2 


Ti line at 88.99 




89 


M 


16 


■,U 


20 


I)()ul)le 


Double 


89 


7^) 


I 










90.05 


' 


.00 


I 
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Suk-Spot 


CaJsHt 


Notes 


A 


Int. 


A 


Int. 


Spot 


CainH. 


6390.17 


4 


.19 


4 








90.68 


10 


.68 


10 


riline at 90.65 


Wide 




91.26 


4 












91.68 


2 


.68 


2 








91 -94 


6 


.93 


6 


Ti line at 92.03 






92.3s 


2 


.35 


2 








92.61 


I 












92-75 


3 


.80 


I 








93 18 


4 


.18 


5 


[Fe7 






93 81 


50 


.80 


2 


Solar line at 6393.820 






94.48 


6 


.48 


6 








9500 


4 


.02 


4 


r»line at 94.93 






95 31 


6 


■32 


4 








96.03 


4 


96.16 


I 








96.25 


5 


.26 


5 








96.58 


I 


.58 
96.78 


2 

I 








96.89 


4 












97 07 


4 


.05 


4 








97 58 


2 












97.66 


6 


.68 


6 








98.45 


9 


.44 


6 


Double 


Double 




98.49 


5 


.48 


4 












99-33 


2 






99.70 


4 


9984 


3 

I 






6400.22 


60 


00.27 


6 


Solar line 6400 . 217 F<; S' 




00.56 


40 


•59 


2 


Solar line 6400.538 Fe 2\ 




01.09 


2 


-15 


2 


Wide ; Wide 




01.56 


6 






Wide: T* line at 01.48 , 




02.03 


4 


.04 


4 






02.34 


4 










02.49 


6 


.48 


8 






02.94 


4 


•98 


4 






03.58 


6 


-50 


4 


Ti line at 03 . 56 , 




04.32 


2 


.37 


2 

1 


Double 1 Wide 





of the calcium arc burning in hydrogen and those of the sun-spot s])ec- 
trum. The scale of intensities is purely arbitrary, the larger numl)ers 
indicating greater intensities. Out of eighty-four spot lines (all that 
could be distinctly seen between X 6389 and X6405) sixty-two are 
matched to within 0.05 tenth-meters by band lines of Ca in hydrogen. 
Within this same region there are twelve hnes of the calcium s])ectrum 
which are not matched to within 0.05 tenth-meters by spot-h'nes. 
Probably five of these disagreements are due to errors of measure- 
ment greater than 0.05 tenth-meters, the remainder to im])uritics. 

Mount Wilson 
November 1907 



WAVE-LENGTHS OF TITANIUM XX 3900 AND 3913 IN 
ARC AND SPARK 

By NORTON A. KENT and ALFRED H. AVERY 

In June 1905 one of us (Kent) published the results of a careful 
series of experiments dealing with the variation in wave-length of 
certain lines of the spark-spectra of titanium, iron, and zinc with the 
electrical conditions of the discharge.' Subsequently Keller, working 
under Kayser, published a pa}>er' in which the suggestion was made 
that the apparent non-coincidences of the spark and the comparison 
arc lines were due to the fact that the slit was not accurately adjusted to 
parallelism with the grating ruling; and the 
statement was made that the plumb-line method 
of adjustment employed by the wTiter was of 
less delicacy than the sjx^ctroscopic. 

The substance of Keller's explanation of the 
manner in which shifts could be introduced by 
orientation of the sjKxtrometer slit is as follows : 
Given a jxTpendicular grating ruling, an astig- 
matic instrument such as the concave grating will 
gi\e a }XT{)endicular line image for every point of 
the line source as object. If, then, this line source 
or slit Ix' at an angle (say clockwise as one faces 
it) with the grating ruling, the sfx'ctral line will 
Ix' a composite of lines arranged as in Fig. i. 

The result will be an image which is appar- 
ently rotated in the direction of the slit. If, 
then, on one photographic plate two exposures Ix? 
made, one each of arc and spark, and the ix)si- 
tion of the adjacent tips of the images of any 
sjx'ctral line Ix' measured by a comparator, any 
disj)laccment desired may be introduced by a rotation of the slit. 
But Keller's ex{)lanation does not apply to the method of exposure 

^ Frorccdifi^qs oj the American Academy oj Arts and Sciences^ 41, No. 10, July 
1905. 

3 Ceher die ani^chUrJie Verschiehuu}; dcr FiDihodinieii, Inaurriiral-Disscrtation, 1906. 




Fig. I.— a A', di- 
rection of grating rul- 
ing; EK', direction (»f 
slit; LL', direction of 
resultant line. 
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employed by Kent — ^a method of triple exposure, two of the arc (the 
first and the third) superimposed horizontally but not wholly vertically 
and spanned by the spark exposure. 

It is diflScult to see how non-parallelism of slit and ruling could 
in this case introduce a shift. Keller seems to have overlooked the 
fact that this triple method was employed, for no mention is made of 
it in his paper. However, despite the fact that it was not apparent 
how the above-mentioned criticism could apply, it seemed advisable 
to test the matter, and the following experiments were undertaken 
to decide the two following questions : 

1. Is the plumb-line method of adjustment of slit and grating 
ruling to parallelism more or less accurate than the spectroscopic ? 

2. Will an orientation of the slit introduce a shift if the triple 
method of exposure be used ? 

CONDITIONS OF EXPERIMENT 

The conditions under which the present work was carried on were, 
as far as possible, those of the previous series of experiments. By 
the courtesy of Professors Trowbridge and Sabine every facility of 
the Jefferson Physical Laboratory was placed at our disposal. The 
6-inch Rowland concave grating — with 20,000 lines to the inch and 
21 feet radius of curvature, an excellent instrument — was kindly 
loaned by Professor Trowbridge, and the mount was that belonging 
to the laboratory and located on the third story of the building. The 
beams were heavy timbers supported wholly from the wall. The 
sUt, grating-holder, camera-box, rheostat, transformer, and condenser 
were those used in the former work. The usual precautions relative 
to temperature changes were taken, the whole mount being wrapped 
in several layers of newspaper. The vibrations of the })uil(lin<r due 
to wind and heaxy machinery necessitated working at times wlien 
these disturbing influences were absent. All plates which did not 
show horizontal coincidence of the arc exposures were rejected. The 
current used for both arc and spark was the iio-volt, 66 cycle, alter- 
nating current of the Cambridge Electric Light Comj)any. The 
frequency of the current used in the previous work was 133, but as 
the transformer was built for 66 cycles no ditlkulty was experienced 
in this regard. The voltmeter, ammeter, and wattmeter were of 
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Thompson form and of ranges, 0-65 volts; 0-60 amperes; 0-45 
hecto-watts, respectively. Thus the conditions were the same as 
those formerly employed in all respects except location, frequency of 
current, and grating. 

RESULTS OBTAINED 

I. Relative merits of plumb-line and spectroscopic methods oj 
adjustment, — The grating-holder was fitted with two opposing screws 
moving in a horizontal plane and controlling the orientation of the 
grating. It was found by.trial that by the unaided eye the parallelism 
of either end of the ruled space of the grating with the silk thread of 
a plumb-line suspended from the grating-holder could be adjusted 
so that the separate settings made by each of us agreed to within 45^ 
on the head of one of the screws. This means that the grating can 
be set by plumb-line to within 3.3 minutes of arc. 

Opening the slit and hanging the bob so that the thread could be 
seen through it, the various settings made by each of us agreed to 10° 
on a divided head fitted to the tangent screw. This means by calcula- 
tion 1 . 7 minutes of arc of rotation of the slit. 

On the other hand, using full length of slit as in the previous case 
and appropriate width, about xc/ifo ^^^h, various exposures of the 
arc were taken on the same plate in the manner customary in making 
focus plates except that the camera-box was left clamjx^d and the slit 
was oriented. These plates showed no difference in the spectra 
when the scale on the divided head of the tangent screw was rotated 
90° clockwise or counter-clockwise from the position of parallelism 
as determined by plumb-line, making a change of 15.3 minutes in 
the orientation of the slit — a change nine times as great as that in the 
case of the plumb-line. However, the relative merits of the two 
methods must not })e taken as nine to one, but merely as about four 
to one, for the plumb-line adjustment for the grating is only about 
one-half as accurate as that for the slit. 

The above facts make it extremely probable that the adjustment 
of the slit in tlie previous investigation was good. And, further, if 
with full length of slit no change in definition could be detected for a 
rotation of 90°, it is all the more j)robable that with a slit of 5 mm in 
length, as used in making regular ex])osures, the definition was the 
best obtainal)le. 
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2. Further, as to shift as a function of orientation of the slit, a 
series of plates was taken with the slit oriented approximately i° and 
o?5 clockwise and counter-clockwise, including a series at parallelism 
or 360° and 180° coimter-clockwise, 0°, and 180° and 360° clockwise 
on the divided head. If orientation introduce shift, the shift-orienta- 
tion curve should either show a point of inflection at zero orientation 
or cross the displacement axis at that point. Tables I and II are 
self-explanatory. The data therein given show that for the two 
lines studied neither of the above possibilities is realized. The 
shift is not influenced by the orientation of the slit but is, within the 
limits of error of the experiment, constant at all orientations investi- 
gated. 

The agreement between the means obtained formerly by Kent and 
those given in the present investigation is as close as could be expected. 

Particulars of Table I 

Metal used; Titanium Carbide, 85 per cent. Ti., 15 per cent. C 

Arc vertical; length 3 mm; spark horizontal; length 9 mm. 

End of spark image always used. 

Capacity of condenser, 0.0226 microfarads. 

Times of exposures, arc, 5 + 5 seconds; spark, 75 seconds. 

Plates, Seed, Gilt Edge, No. 27. 

Developer, metol, adurol, hydrochinon. 

Second order spectrum. 

Width of slit, 0.025 to 0,050 mm; length, 5 mm. 

Length of grating lines used, 14 mm. 

TABLE I 

Shett of Spark Lines toward Red from Position of Arc Lines 
Orientation of Slit, Clockwise 360° 





Amferes 


Volts 


Watts 


Shift in Tenth-Meteks 


Plate No. 


A 3900.68 j A 3913.58 




1 1 
Kent 1 Avery i Kent Avery 

1 ' 


19 

20 

52 

1^;::::: 

89 

122 

"3 

124 


390 
40.0 
41.0 
40.5 
41.3 
41.3 
41-5 


19.0 
18.8 
16.0 
16.0 
19.0 
17.0 
17.0 


450 
450 
500 
500 

500 


0-035 
21 

16 

25 
18 

14 
13 
II 


0.041 1 0.030 0.035 
31 18 28 
42 1 31 26 
23 1 16 1 20 
21 18 , 12 
26 1 21 23 
14 ' 12 1 12 
12 1 12 ih 

10 7 ' 14 
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TABLE I— Continued 
Clockwise i8o® 





AlCFERES 






Watts 


Shift FN Tenth-Meters 


Plate No. 


Volts 


A 3900.68 A3P13.58 




Kent Avery 


Kent Avery 


35 400 

36 40.0 

49 1 40-0 

51 39.3 

85 , 40.5 

87 ; 41.0 

"9 ' 41.5 

120 1 42.0 

1 


16 
16 
18 
18 

17 

16 

19 
17 


5 
5 



5 
5 
5 


490 
450 
520 
480 


0.020 
12 

^5 

14 
20 
20 
15 
13 


0.027 

22 
20 

13 
18 
21 
18 
22 


0.026 
10 
18 
15 
19 
16 
16 
13 


0.022 
19 
17 
15 
24 
20 

25 
18 



3^ 
39 

40 

44 
45 
48 

63 
68 

72 

74 



38.5 
39.0 

40.5 
39-8 
40.0 

37-5 
41.0 

390 
40.0 

39-5 



76 40 

77 40 

78 40. 

83 ' 41 

loi 40, 

102 39. 

116 41, 

117 41 



Parallel, or 0° 



19.0 




21 .0 




17.0 




19.0 




19.0 




21.5 




16.0 


500 


19.0 


500 


17-5 


490 


17-5 


450 



Counter-clockwise 180° 



22.0 
19.0 
19.0 

150 
17.0 
19.0 

IQ.O 
18.5 



500 
450 
450 
450 

450 



0.025 
16 
32 

25 

8 
II 
14 
18 




0.019 
10 


0.024 

16 


0.029 
8 


42 
26 


32 

20 


27 
18 


12 


6 


19 


9 


14 


14 


19 


13 


10 


16 


15 


10 



Counter-clockwise 360° 



21, 
22 
23 

58 

82 

no 

112, 
114. 



40.8 


15 


42.0 


15 


40.0 


19 


40.0 


19 


41.0 


ig 



4^-5 

41 .0 



15 





0.012 


0.012 


0.014 


0.013 




29 


34 


27 


40 




1 10 


23 


II 


13 




' 6 


20 


8 


16 




1 12 


16 


15 


15 


500 


' 28 


23 


24 


22 


450 


12 


7 


12 


9 


450 


15 


9 


14 


12 


450 


14 


II 


13 


14 



WAVELENGTHS IN ARC AND SPARK 
TABLE II 

SXTMMARY OF TABLE I 

X 3900.68 



75 







Clockwise 


0" 


Counter-clockwise 


Orientation 


36o» 


180" 


T««« 


360O 




' 


Means 


Kent 
Avery 


0.021 
24 


0.016 
20 


0.021 
21 


0.019 
19 


0.015 
17 









^39^ 


^3.58 








Means 


i 


Kent 
Avery 


0.018 
21 


0.017 
20 


0.019 
21 


0.018 
17 


0.015 
17 





A3goo.68 


^3913.58 




Kent 


Avery 


Kent 


Avery 


vff'a'*^ of Means at AH Orientations ............. 


0.018 


o.oao 


0.017 


0.019 




Weighted means of all measurements 

Weighted means at parallelism 


0.019 
21 

19 


0.018 
20 


Means as given by previous investigation 
under similar conditions 


18 



The average deviation from the mean of two measurements (of 
the shift of a line) on any one plate is 0.003 (Kent) and 0.004 (Avery) 
t.-m. for X 3900.68; and 0.002 (Kent) and 0.003 (Avery) t.-m. for 
X 3913.58. It will be noticed that the value of the shift given on the 
different plates varies considerably. This is probably due to the 
fact that it was difficult to set the very end of the spark image accu- 
rately upon the slit. As shown in the previous paper the part of the 
image employed influences the character of the line and the value of 
the shift. 

During the progress of the work it was suggested to us that the 
use of the tip of the spark line as that part of the line upon which to 
set the thread of the microscope in measuring was perhaps objection- 
able owing to the fact that there might be a shift due to ditTraction 
resulting from reducing the virtual aperture of the grating by strips 
of black paper set only roughly perpendicular to the ruling, the 
measurement being made by a mm scale. Three exposures on one 
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plate were therefore made — all of the arc, and the first and third 
superimposed as usual. No shift was shown when the slit was either 
parallel or oriented as indicated in Table III. 



TABLE III 
Arc and Arc 





Orientation of Slit 


Plate 


A 3900.68 


A 3913.58 


No. 


Parallel, or 0° Counter-clockwise 360° Parallel, or oP Counter-clockwise 360° 




Kent 


Ax-cry | Kent 


Ax-ery Kent 


Avery | Kent [ Avery 


io6.... 
107.... 
109.... 


— O.OOI 

I 


0.003 
2 


2 


i— 0.002 

si ' 


0.002 1 



At the end of the series of experiments the water rheostat was cut 
out of the transformer circuit and in its place was inserted a choke 
coil of closed magnetic circuit of U-form with adjustable armature. 
When adjusted roughly to show maximum power as measured by the 
wattmeter, with a spark length as indicated in Table IV, the shift 
was increased to o . 032 t.-m. in the mean for X 3900 . 68 and o . 033 t.-m. 
for X 3913.58.' 



TABLE IV 

(Conditions same as in Table i, except spark length = 9 mm in Plate 125 and 15 mm 

in Plates 126 to 128. Time of exposures for spark = 60 seconds.) 



Plate No. 



Conditions of Primary Circuit 



Amperes Volts 



Watts 



Orientation of Slit: Parallel, or 0° 



A 3000.68 
Kent 



A 3913.58 



Avery 


Kent 


Avery 


. 038 


0.031 


0.040 


33 


30 


49 


30 


32 


29 


29 


22 


31 


32 


29 


37 



125 

126 

127 

128 

Means. . . 



50 
49 

50 



28 
27 

24 
26 



950 
Soo 
800 



0.040 
3,3 
30 
26 

32 



I 



' \t the request of ihc writer Mr. Walter S. .\(iams of the Carnegie Solar Obser- 
vatory kindly measured Plate No. 126 upon one of the Observatory comparators and 
obtained values of 0.040 and 0.038 for XX 3900 and 3913 respectively. 
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It is the purpose of the writer of the former paper to study with 
an echelon the position of the narrow and less diffuse lines of the 
titanium spectrum. 

In conclusion we wish to acknowledge the kindness shown us by 

Professor Trowbridge and those associated with him in so generously 

putting at our disposal all the faciUties of the Jefferson Physical 

Laboratory; and our thanks are due also to the Rumford Committee 

for the grant made in aid of this research. 

Department of Physics 

Boston University 

November 1907 



THE LARGE PROMINENCE OF MAY 21, 1907 

By J. FENYI 

In the October number of this Journal (26, 155, 1907) ^Ir. Fox 
contributed a paper, illustrated with four photographs, on this 
phenomenon, somewhat unusual at our present very feeble maximum. 
As this eruptive prominence was observed, sketched, and measured 
at precisely the same time in Kalocsa, it will be of interest to compare 
these visual observations with the photographic results. 

Having seen the prominence on his first exposure, Fox began at 
4^ 52™ G. M. T. to take photographs of it in rapid succession. At 
the same time I had just completed the sketch of the prominence and 
began to measure its height by means of transits across the slit. The 
time of the first transit was not noted, but it can be deduced from the 
data after the seventh transit, and is put at 4^ 52"* — that is, at the 
very moment when Fox made his second exposure. I observed suc- 
cessively eleven transits concluding at 5*^ 3"^. The eighth transit 
at 5^ o'" coincides roughly with Fox's third exposure. The observed 
heights follow: 



G. M. T, PhotoRraphic ' Visual Ph.-V. 

4^ 52"^ 259" IQO" I 69" 

5 02 ' 280 226 54 



The visual spectroscopic observations give lower altitudes than 
the photographic. The atmospheric conditions in Kalocsa were 
unfavorable, as also at the Yerkes Observatory. After 5^ 3"^ the 
conditions were so bad that observations were given up. On the 
following day, nineteen hours later, with favorable atmospheric 
conditions, no prominence was visible at this position. 

The accompanying sketch shows the form as drawn at Kalocsa 
only a few minutes before the first transit. This should therefore 
agree with Fox's photograph No. 2. We find, however, such dif- 
ferences that no part of them can be identified : for example, in Kalocsa 
a column was seen resting on the chromosphere, which is lacking in 
the photograph. The sketch on the whole much more strongly recalls 
No. I, which, however, was exposed fifty minutes earlier. 
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The rapid ascent of the prominence was also observed in Kalocsa. 
The first seven transits considered successively reveal the ascension, 
which between 4^ 52"^ and 5^ o"* amounted to 36", that is, at a rate 
of 54 km per second. The simultaneous exposures of Fox, Nos. 2 
and 3, give only 30 km. The difference is considerable, but it can 
be ascribed to the uncertainty of my estimated time and to the indefi- 
niteness of the object (the upper filaments were very weak), even 
aside from the fact that we did not measure strictly the same object, 
since a hydrogen prominence was observed visually while a calcium 





Sv. 






V 

^ 


« 


J-^*^*" 


- — - i»r 


m» -~^_^^ 


^^""^^ 







Prominence as observed at Kalocsa, May 21, 1907; height, 226" 

prominence w^as measured on the photographs. I must also remark 
that during the eleven transits, w^hich covered twelve or fifteen minutes, 
no change of form was noticed: all the parts, as they are shown in 
the sketch, passed in the same relative position, successively across 
the slit. 

I have never observed the subsidence of a prominence of great 
height, say of over 240". Rapidly rising prominences have always 
as quickly dissipated themselves at great elevations, thus yielding a 
lower altitude. At^less^heights, somewhere under 60", the subsidence 
is seen not seldom; for very small prominences of about 20" altitude 
the descent is the usual occurrence. It would certainly be of the 
greatest importance for the theory of prominences if the subsidence 
of one that had reached great elevations might be ])roved photograph- 
ically. 

Haynald Observatory 
Kalocsa, Hungary 
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STARS HAVING PECULIAR SPECTRA. FIFTEEN NEW 
VARIABLE STARS' 

An examination of the photographs of the Henry Draper Memorial, 
by Mrs. Fleming, has led to the discovery of a number of variable 
stars and other objects having peculiar spectra. A list of these is 
given in Table I. The constellation and Durchmusterung number 
are given in the first two columns. The approximate right ascen- 
sion and declination for 1900 and the catalogue magnitude are given 
in the third, fourth, and fifth columns. The designations for stars 
north of declination — 23° are taken from the Bonn Durchmusterung. 
For stars between —23° and —52° the Cordoba Durchmusterung, and 
for stars south of declination — 52° the Cape Photographic Durchmus- 
terung is used. The class of spectrum and a brief description of the 
object are given in the sixth and seventh columns. Each of the new 
variables has been confirmed by Miss L. D. Wells, unless otherwise 
specified. Additional information regarding these objects is given 
in the Remarks following the table. In the case of new variable 
stars, the right ascension is followed by the designation, described 
in H.A., 48, 93, which gives the approximate position, and also the 
designation described in H.A., 53, 147, which indicates the number 
in the scries of variables found at Harvard. This last number is 
also given in the table, for convenience of future reference. 

The star 4- 66? 780 is given by Dun6r and by Kriiger as of the 
fourth type. It was announced as a variable in H.C, 124. The 
spectrum appears to change on the photographs available for examina- 
tion. On Plate I 3247, taken on March 5, 1891, the spectrum is 
faint but clearly shown and contains no bright line. On Plate I 
12509, taken on March 14, 1895, the object is near the edge of the 
plate. No part of the continuous spectrum is visible, but the bright 
line ff/3 is well defined and easily seen. On Plate I 12724, taken on 

I Harvard College Observatory Circular, No. 132. 
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April 19, 1895, t^^ li^^ ^^ appears as a strong bright line, and the 
portion of the continuous spectrum shown is of shorter wave-length 
than Hfi, and does not extend beyond Hy, On Plate I 33878, 
taken on February 22, 1906, the line Hff appears as a strong bright 
line, and the brightest and best-defined portion of the spectrum is of 
greater wave-length than H^, but the portion between H/3 and Hy 
is also well shown, although about half a magnitude fainter than the 
part of greater wave-length than H/S. On Plate I 34569, taken on 
March 7, 1907, the line Hff appears as a faint bright line, while the 
continuous spectrum is well shown and is similar to that on Plate I 
33878. The object is difficult to describe on these plates, since all 
were taken with the 8-inch Draper Telescope using a small prism, 
and the portion visible on the individual plates amounts to 1.8, 
0.1, 0.7, 1.6, and 1 . 8 millimeters, respectively. Plate I 10978, taken 
with the same telescope, using an 8° prism, shows a very faint spectrum 
which is similar to that on Plates I 33878 and I 34569. 



TABLE I 
Peculiar Spectra 



Constellation 



B. D. 



R. A. 1900 



Dec. iQco ! Mag. Sjx'ctrum I 



Dcsrrii)tion 



Aries 

Auriga 

Monoceros 

Canis Major. . . 

Cancer 

Ursa Major. . . . 

Vela 

Carina 

Musca 

Virgo 

Musca 

Corvus 

Centaurus 

Centaurus 

Circinus 

Corona Borealis 

Draco 

Ophittchus 

Aquiia 

Draco 

Cygnus 

Pegasus 

Aquarius 



+ 45 1324 

- 4.1708 

— 22.1850 
+ 15.1808 



-49-5234 
— 72.1048 

R 



-16.3503 
I— 63.2720 
-56.5891 
— 67.2622 
+ 39.2901 
+ 57.1786 
+ 6.3898 



+ 74. 861 
+ 32 3^50 
+ 34.4597 
— 21 .6376 



h. m. 
2 9.6 

6 28.2 

6 48.3 

7 194 

8 16.8 

I 9 44-4 
I 10 21.0 
I 10 48.7 

II 35-0 
' 12 0.0 
I 12 17.4 
I 12 32.3 

13 15 5 
I 13 36 -4 
I 14 309 
' 15 37-8 
I 17 35-4 
I 18 37 I 

20 7.1 
I 20 25.9 

20 27 . 6 

22 1.4 
I 23 6.3 



o . ! 
+ 11 46 
+ 45 43 I 
- 4.27 I 
-22 47 I 
1 + 15 19 

1 + 53 7 
1-49 54 

1-72 14 I 
-72 o I 
+ 12 56 

1-74 57 
I - 16 43 

,-63 42 

1-56 16 
'-67 46 

l + 3« 53 
1 + 57 48 
1+ 6 43 
+ 11 35 
' + 74 5^> 
1+32 14 

+ 34 52 
.-21 32 



8.9 

8.7 

9 

9 

8 



95 
9.0 

9 5 

6.8 
7.0 
70 
9-3 
90 

9 3 

8.5 
9.0 



Pec. 
Mc 
Na 
Na 

Mc 5 ci 

Pec. 

Pec. 
Mb 5 c 

Na 

Mrl 

Na 
Mr 5 (1 

Na 

Pec. 

Pec. 
Mc 5 (i 
Mc 5 d 

Pec. 

Pec. 
Mc 5 ,1 

Na 
Mc s <I 

Pe^ . 



Variable ? 
Variable. H 
Variable. H 
Variable. H 
Variable. H 
Dark bands 
Dark bands 



2992 

2gg3 
29g4 

2995 



Varial>le. 
Variable. 

I Variable. 
X'ariable. 
Varial)le. 
Variable, 
da^s A, ])ecu 
11 fi bright 
\ariablc. II 

' \'arial)lc. H 

, Dark bands 
Hri^hl line. 'I 
X'ariablc. H 

, Wiriablc. H 
V.irial)lc. 11 
Dark bands 



2t)g6 

2gg7 
2ggS 

3 coo 
^001 
liar 

3002 
3003 

VpeV 

30^0 
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REMARKS 
h m 

•29.6. An examination of twenty-four chart plates, taken between January 13, 
1890, and September 6, 1905, shows a small but distinct variation in the 
light of this star. On several plates it is about o . 2 magnitude fainter than 
-hii°303, mag. 9.5 (assumed photographic magnitude 8.6), while on others 
it is about 0.3 to 0.4 magnitude brighter than that star. Estimates from 
these plates gave the approximate limiting magnitudes, 8.2 to 8.8. 
6 28.2. 062845 =H. V. 2992. An examination of this star on twenty -one 
chart plates, taken between March 3, 1890, and March 11, 1905, shows a 
variation of about o . 9 mag. Estimates from these plates gave the approxi- 
mate limiting magnitudes, 8.5 to 9.4. 

6 48.3. 02091 1 =H. V. 2993. The spectrum of this star is already known 

as Type IV. An examination of sixteen chart plates of this object, taken 
between Februar)' 22, 1891, and November 11, 1904, shows a variation of 
about 1 . 2 mag. Estimates from these plates gave the approximate limiting 
magnitudes, 9.2 to 10.4. 

7 19.4. 07/^22 =H. V. 2994. An examination of this star on twent>'-one 

chart plates, taken between April 17, 1894, and November 30, 1904, shows 
a decided although small variation of 0.9 mag. Estimates from these plates 
gave the approximate limiting magnitudes, ii.o to ir.9. 

8 16.8. 081615=11. V. 2995. An examination of this star on eighteen chart 

plates, taken between Februar\^ 14, 1899, and January 30, 1906, shows a 
variation of about 0.9 mag. Estimates from these plates gave the approxi- 
mate hmiting magnitudes, 9.4 to 10.3. 

9 44.4. This si)ectrum is faint, but is apparently of the same type as C.DM. 

— 47?66i4, described in II. C. 76. 
10 21.0. This spectrum is of the same type as C.£>.1/, — 47? 66 14, described in 
H.C. 76. 

10 48.7. 1048^2 = }l. V. 2996, An examination of this star on eighteen chart 

plates, taken between April i, 1890, and May 12, 1905, shows a variation of 
about 1 . 7 mag. Estimates from these plates gave the approximate limiting 
magnitudes, 9.8 to 115. 

11 35.0. //J572=H. V. 2997. This star is A.G.C. 15946 and is known to 

have a spectrum of Type IV, .An examination of eighteen chart plates of 
this o])ject, taken between .\pril i, 1890, and May 12, 1905, shows a variation 
of about 1 .6 ma«^. Estimates from these plates gave the approximate limit- 
ing magnitudes, 8.6 to 10.2. 

12 0.0. i2ooi2 = H. V^. 299S. An examination of this star on fourteen chart 

plates, taken between April 25, 1891, and May 9, 1905, shows a variation of 
about 4.0 mag. Estimates from these plates gave the approximate limiting 
magnitudes, 8.5 to 12.5. 
12 17.4. 727 777 ^ H. V. 2999. This star is A.G.C. 16865. An examination 
of sixteen chart |)lates of tliis object, taken between May 2, 1893. and March 
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29, 1905, shows a variation of about 1.8 mag. Estimates from these plates 
gave the approximate limiting magnitudes, 8.8 to 10.6. 

12 32.3. I2J2 J (5 = H. V. 3000. An examination of this star on twenty chart 

plates, taken between April i, 1890, and May 12, 1905, shows a variation of 
about 1.7 mag. Estimates from these plates gave the approximate limiting 
magnitudes, 8.8 to 10.5. 

13 15.5. iji5(5j = H. V. 3001. The spectnma of this star is already known 

as Type IV. An examination of eighteen chart plates of this object, taken 
between May 24, 1889, and January 30, 1901, shows a variation of about i . 5 
mag. Estimates from these plates gave the approximate limiting magni- 
tudes, 9.0 to 10.5. 

13 36.4. On Plate B 5271, taken on May 25, 1890, the hydrogen lines are very 

faint and narrow in the spectrum of this star. On Plate B 36285, taken on 
June 24, 1905, the lines HP and Hy are bright on the edge of greater wave- 
length, while Hi, Ht, and jHT appear as broad dark bands with narrow 
bright lines superposed toward the edge of shorter wave-length. These give 
the spectrum on this plate the appearance of being that of a spectroscopic 
binary. 

14 30.9. On Plate B 36127, taken on May 27, 1905, HP appears as a faint 

bright line. 

15 37-8. 153738=11. V. 3002. An examination of this star on twenty -eight 

chart plates, taken between June 2, 1892, and February 11, 1907, shows a 
variation of about i . 3 mag. Estunates from these plates gave the approxi- 
mate limiting magnitudes, 7.0 to 8.3. 

17 35-4' 173557 =H. V. 3003. Variability suspected by Espin. A.N., 145, 

327. An examination of this star on tw^enty-one chart plates, taken between 
August 17, 1892, and October 10, 1902, shows a variation of about i . 7 mag. 
Estimates from these plates gave the approximate limiting maj^nitudcs, 8.0 
to 9.7. 

18 37.1. This spectrum is of the same type as C.Z? A/. — 47 ?66 14, described in 

H.C., 76. 
20 7.1. Galactic longitude, 20° 45'. Galactic latitude, - 13*^ 6'. In Ileis's Atlas, 

Plate VII, in Aquila, in Plate XII, near Ixjrder of Dclphinus. 
20 25.9. 202574 =H. V. 3004. An examination of this star on nine chart I )lates, 

taken between October 18, 1894, and October 28, 1903, shows a variation of 

about 2.2 mag. Estimates from these plates gave the approximate limiting 

magnitudes, 8.3 to 10.5. 
20 27.6. 202732 =H. V. 3005. An examination of this star on ten chart plates, 

taken between August 4, 1890, and November 9, 1905, shows a variation of 

about i.o mag. Estimates from these plates gave the aj)f)ro\imate limiting 

magnitudes, 8.5 to 9.5. 
22 1.4. 820134 —H. V. 3006. An examination of this star on twenty cliart 

plates, taken between December 22, 1890, and September 27, 1^05, shows a 
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variation of about i .o mag. Estimates from these plates gave the approxi- 
mate limiting magnitudes, 8 . 2 to 9 . 2. This object was found to be variable 
by Mrs. Fleming on November 26, 1904, but since the change was slight, 
about half a magnitude, on the plates examined, publication was withheld 
until the star was rediscovered independently by Miss Leavitt in her exam- 
ination of the Harvard Maps of the Sky. She found a change of about o . 7 
mag. 
23 6.3. This star is announced as of Type IV in Astronomy and AstrophysicSy 
12, 546. On Plate A 8155, taken with the 24-inch Bruce Telescope, on 
October 11, 1906, a good image of the spectrum of this star shows that it is 
of the same type as C.Z)i/. — 47 ?66i4, described in H.C. 76. 

Edward C. Pickering 

October 15, 1907 



CORRECTION TO MR. WALLACE'S ARTICLE IN THE 
DECEMBER NUMBER 

In Mr. Wallace's article entitled '^Studies in Sensitometry. II. 
Orthochromatism by Bathing/' through an unfortunate blunder on 
the part of the printer, the final paragraph (p. 325) was allowed to 
stand, while it should have been omitted. The failure of the engravers 
properly to reproduce the author's illustrations made it neccssar}^ to 
omit the plate, which was at first intended to accompany the paper. 
The last four lines of the article, constituting the final paragraph, 
should therefore be stricken out. 

The small plate on p. 300 is also a very unsatisfactory representa- 
tion of the author's spectra, and the words ''Z,/X6io3" should be 
crossed off, as the engraving fails to show the line intended. 

Also in footnote 2 on p. 304, for ** battered plates" read *' bathed 
plates. '' 

Editors 



OBITUARY NOTICE 

We record with deep regret the recent decease of two eminent 
astrophysicists, chiefly distinguished for their researches in solar 
physics. 

PIERRE JULES CESAR JANSSEN, 

director of the Astrophysical Observatory, Mcudon, died at Paris on 
December 23, 1907, in the eighty-fourth year of his age. 

CHARLES AUGUSTUS YOUNG, 

emeritus professor of astronomy in Princeton University, an editorial 
collaborator of this Journal since its foundation, died at Hanover, 
N. H., on January 3, 1908, at the age of seventy-three years. 

Appropriate accounts of the lives and works of these scientists 
will appear later in the columns of this Journal. 
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NOTICE 

The scope of the Astrophysical Journal includes all investigations of 
radiant energy, whether conducted in the observatory or in the laboratory. 
The subjects to which special attention is given are photographic and 
visual observations of the heavenly bodies (other than those pertaining to 
''astronomy of position"); spectroscopic, photometric, bolometric, and radio- 
metric work of all kinds ; descriptions of instruments and apparatus used in 
such investigations ; and theoretical papers bearing on any of these subjects. 

In the department of Minor Contributions and Notes shorter articles will 
generally be placed and subjects may be discussed which belong to other 
closely related fields of investigation. 

Articles written in any language will be accepted for publication, but 
unless a wish to the contrary is expressed by the author, they will be trans- 
lated into English. Tables of wave-lengths will be printed with the short 
wave-lengths at the top, and maps of spectra with the red end on the right, 
unless the author requests that the reverse procedure be followed. 

Accuracy in the proof is gained by having manuscripts type-written, 
provided the author carefully examines the sheets and eliminates any errors 
introduced by the stenographer. It is suggested that the author should 
retain a carbon or tissue copy of the manuscript, as it is generally necessary 
to keep the original manuscript at the editorial office until the article is 
printed. 

All drawings should be carefully made with India ink on stiff paper, 
usually each on a separate sheet, on about double the scale of the engraving 
desired. Lettering of diagrams will be done in type around the margins of 
the cut where feasible. Otherwise printed letters should be put in lightly 
with pencil, to be later impressed with type at the editorial office, or should 
be pasted on the drawing where retjuired. 

Authors will please carefully follow the style of ih'\s /ourna/ in regard to 
footnotes and references to journals and society publications. 

Authors are particularly requested to employ uniformly the metric units 
of length and mass ; the English equivalents may be added if desired. 

If a request is sent with the manuscript, one hundred reprint copies of 
each paper, bound in covers, will be furnished free of charge to the author. 
Additional co})ies may be obtained at cost price. No reprints can be sent 
unless a request for them is received before the Journal goes to press. 

The editors do not hold themselves responsible for opinions expressed 
by contributors. 

The Astrophysical Journal is published monthly except in February 
and August. The annual subscription price is $4.00; postage on foreign 
subscri[)tions 62 cents additional. Business communications should be ad- 
dressed to The Uftiifersity of Chicas^o Press, Chicago, III, 

All papers for publication and correspondence relating to contributions 
should be addressed to Editors of the Astrophysical Journal, Yerket 
Observatory, lVillta?ns Bay, IVisconsin, U. S, A. 
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THE ABSORPTION OF SOME GASES FOR LIGHT OF 
VERY SHORT WAVE-LENGTH 

By THEODORE LYMAN 

The only data on the absorption of gases for light more refrangible 
than X 1850 have been collected by Victor Schumann. He has inves- 
tigated' the behavior of oxygen, hydrogen, nitrogen, carbon mon- 
oxide, carbon dioxide, and water vapor. The results are of extreme 
importance and interest, but their value is somewhat limited by the 
nature of the instrument which was used to carry on the work: for 
Schumann's prism spectroscope could not give information as to 
the wave-length of the light which it analyzed ; and moreover, because 
of its inherent aberrations, the results which it yielded were exposed 
to some slight error if the work extended over a considerable spectral 
region. 

It seemed worth while, therefore, both on practical and theoretical 
grounds, to go over the work with the aid of the vacuum-grating 
spectroscope. Accordingly, the absorption of hydrogen, oxygen, 
nitrogen, carbon monoxide, and carbon dioxide has been investi- 
gated and to these gases treated by Schumann argon and helium 
have been added. The results are in good general agreement with 
those obtained by the earlier investigator with the exception of the 
facts which relate to the absorption of oxygen. From Schumann's 
work it might be supposed that this gas completely absorbed all 

« Smithsonian Conlrtbutions, No. 14 13. 
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wave-lengths shorter than a certain value; from the present investi- 
gation, however, it will appear that the absorption is in the form of 
a band. 

In addition to this feature oxygen presents an interesting contrast 
to the optical behavior of the other elementary gases investigated. 
For while hydrogen, argon, and helium seem all perfectly transparent 
in columns about a centimeter in length at atmospheric pressure, 
and while the absorption of nitrogen is very small, the absorp- 
tion of oxygen is extremely strong. This fact taken in conjunction 
with considerations based on known photo-chemical phenomena 
suggested to the writer that the mechanism of absorption in the case 
of oxygen might be different from that which conditions the optical 
behavior of the other gases just mentioned. Some experiments have 
accordingly been made on the ozonizing effect of light, with the idea 
of extending the researches of Lenard and others into the region of 
extremely short wave-lengths. The outcome of these experiments is 
quite striking, for it appears that the ozonizing power of light increases 
very rapidly with decrease in wave-length beyond the point X 1850. 
These results are of all the more interest since they appear to have 
some theoretical bearing on the behavior of the oxygen absorption 
band under change of pressure ; the effect is v^xy characteristic and 
consists in an unsymmctrical extension of the band. Now Larmor 
has predicted that, under certain conditions, such an unsymmctrical 
extension of the band will take place ; the author's study of the forma- 
tion of ozone seems lo indicate that in the case of oxygen these condi- 
tions exist. 

The band under consideration offers excellent opjx)rtunity for 
a test of Beer's Law. Work on this subject has already been under- 
taken and it is hoped that the results will form the substance of a 
future pajx^r. The present measurements, however, are all concerned 
with absorption for a constant thickness. 

As the absorbing action of oxygen otTers a contrast to the behav- 
ior of the other simple gases investigated, so the Ix'havior of its com- 
pounds — carbon monoxide and carbon dioxide — might be expected 
to show peculiarities. This expectation is borne out by experiment. 
The absorj)tion s})ectrum of carbon monoxide consists of eight narrow 
bands, of a very striking a})pearance. 
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The practical result of the research relates to the nature of the 
absorption of air itself. The action seems to be conditioned entirely 
by the absorption of the oxygen with the slight absorption of nitrogen 
in the region near X 1300 added to it. The effect of such quantities 
of ozone and water-vapor as exist in the atmosphere under normal 
conditions seem to be negligible. 

It is greatly to be deplored that the opacity of fluorite limits the 
range of these experiments at a point in the spectrum considerably 
short of the present known limit , and in a region of special interest. 
Up to the present time, however, no substance more transparent than 
fluorite has been discovered.' 

The following pages will contain a detailed account of the investi- 
gation. 

APPARATUS 

The apparatus is the same as that used in the measurement of 
the hydrogen spectrum,* except for the addition of the absorption 
chamber and for an improvement in the manner of attaching the 
discharge tube which served as a source of light. 

The absorption chamber consisted of a vessel of glass 0.914 cm 
thick and 2 cm in diameter; it was provided with two ground flanges 
on which the windows of clear white fluorite were fastened with 
Khotinski cement. This chamber yvas attached to the inside of the 
face-plate of the vacuum receiver by means of the same cement. 
The outlet pipe of the chamber passed through a hole in the face- 
plate air-tight, and was connected to a mercury pump, a McLeod 
gauge, and the source of gas under investigation. Thus the arrange- 
ment was such that the light from the source passed through the 
absorption chamber before falling on the slit of the spectroscope. 

The improvement in attaching the discharge tube was brought 
about by the employment of a brass collar A fitted with a screw 
thread. Into this collar the discharge tube was cast with Khotinski 
cement. The collar was then screwed into a cup 5, which in turn 
screwed into a face-plate C. 

The collar permitted the discharge tube to be removed without 
disturbing the rest of the apparatus. The cup allowed the use of an 

« Astrophysical Journal^ 25, 45, 1907. 
» Ibid., 23, 181, 1906. 
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extra fluorite window cemented in it, when so desired. In the absorp- 
tion work no such extra window was used, since the chamber D 
fitted air-tight on the face-plate and served to separate the vacuum 
receiver from the discharge tube. This latter piece of apparatus was 
always separately exhausted. The alignment of the tube, which 

proved troublesome in the earlier in- 
vestigation, was facilitated by boring 
the hole in the face-plate into which 
the cup screwed, at the proper angle. 
The final adjustment was made when 
the tube was cemented into the collar. 
Fig. I shows the detail of the arrange- 
ment. The relation of the discharge 
tube to the rest of the apparatus is 
shown in Figs. 5 and 7 of a former 
article.' 

It is well to note that there are 
three separate pumping systems in use 
with the apparatus, one for the vacuum 
Si. receiver, one for the absorption cham- 
ber, and one for the discharge tube. 

For the best results in absorption 

experiments a source should be used 

spectrum, throughout which energ}^ is 

the region of very short wave-lengths 

The nearest approximation to the 

by employing a discharge-tube 

This 




Fig. I 



possessmg a contmuous 
equally distributed. In 
such a source is not available, 
desired condition is obtained 

filled with hydrogen containing a trace of carbon monoxide, 
gas mixture gives a spectrum rich in lines and of fairly uniform 
intensity extending from X 1850 to X 1250. In practice, the discharge 
tube was washed with hydrogen until the visible spectrum showed 
that the gas was of the requisite constitution, the tube was then shut 
off from the pump, and the discharge was run through it for a suffi- 
cient length of time to insure its constancy during the experiment 
which was to follow. 

The electrical excitation was furnished by the commercial trans- 

» Astrophysical Journal, 23, 181, 1906. 
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former described in an earlier paper. No capacity beyond that 
furnished by the connecting wires was introduced. In measuring the 
current through the tube the author has had the advantage of Pro- 
fessor G. W. Pierce's apparatus.* This current, which was of course 
kept as nearly constant as possible throughout the experiment, proved 
to have a value of about ten milliamperes. The pressure in the tube 
was usually about one mm. The time of exposure, which was con- 
stant for any set of measurements, was usually five minutes. The 
slit of the spectroscope was rather wide, namely, about 0.09 mm. 

It is to be noted that the light suffers absorption, not only in the 
chamber itself, but in the body of the spectroscope, since it must pass 
over a distance of about two meters in going from the slit to the photo- 
graphic plate. For good results, therefore, it is necessary that the 
vacuum receiver should be very free from leaks and should be care- 
fully washed with hydrogen before the experiment begins. Under 
these conditions, with a gas such as oxygen in the absorption chamber, 
the absorption in the spectroscope itself, which contains only hydro- 
gen, can be neglected. But with more transparent gases absorption 
in the spectroscope must not be lost sight of if plates obtained under 
varying conditions of leak are to be compared. 

The manner of making the experiment was usually as follows. 
The absorption chamber was exhausted to a pressure of 0.02 mm 
or less and an exposure made. The spectrum thus recorded showed 
only the absorption due to the gas in the body of the spectroscope. 
The gas under examination was then let into the absori)tion chamber 
until the pressure, as read by the gauge, reached the desired value. 
A photograph of the spectrum was then taken. The pressure was 
again changed and another spectrum obtained; and this process was 
repeated until a number of spectra were recorded sufiicient to cover 
the photographic plate, each spectrum corresponding to a different 
pressure in the absorption chamber. The manner in wliicli a number 
of exposures can be made on one photograpliic plate without open- 
ing the vacuum receiver is described in a former article. 

It is important to remember that, if the absorption of a gas under 
different pressures is to be accurately observed, it is absolutely neces- 
sary that the required spectra should be recorded on one and the 
« Physical Review^ 25, 31, 1907. 
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same plate, for with the photographic emulsion which must be used 
in this spectral region' there is sometimes considerable variation in 
sensitiveness, even among plates which have been made at the same 
time. During any one experiment great care was taken to keep the 
conditions in the vacuum receiver and in the discharge tube constant. 
To this end after the receiver had been sufficiently washed with hydro- 
gen the pump was kept continually in action to counteract the effect 
of any small leak; and the appearance of the discharge tube was 
constantly watched with a direct-vision spectroscope. 

The pressure in the spectroscope when the experiment was in 
progress was of the order of o.i mm, and the maximum leak under 
which satisfactory work could be done was about 0.04 mm per hour. 
These conditions are much more difficult to obtain than those which 
suffice when a single emission spectrum is under investigation, for 
in the latter case, as the ' experiment is quickly finished, continual 
washings of hydrogen may be made to neutralize the effect of a very 
much larger leak than that mentioned above. 

HYDROGEN 

The absorption of this substance is stated by Schumann to be 
extremely small, but owing to the difficulty of producing a thick 
layer of the pure gas he obtained some contradictory results when 
working with long gas-paths.' 

The author^s data on the subject are in good agreement with these 
facts. The gas was prepared electrolytically from a solution of barium 
hydrate and dried over phosporous jx^ntoxide. When used in the 
absorption chamber 0.91 cm long at a pressure of one atmosphere, 
it exercised no observable absorption. 

An attempt was made to study its behavior in long columns by 
introducing it into the spectroscope itself; in this case the path was 
about 200 cm. Here the gas was prepared from zinc of great purity 
and hydrochloric acid, and was as before carefully dried by phos- 
phorous pentoxidc. Spectra taken through this gas at pressures of 
one to five cm show an absorption band near X 1700, which, as it 
decreases with successive changes in the gas filling, evidently is due to 

» V. Schumann, Annalen der Physik, 5, 349, 1901. 
» Smithsonian ConlribiUionSy No. 14 13, p. 18. 
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some impurity.' This contamination of the gas is probably due to 
the brass of which the spectroscope is made, since all connecting 
tubes are of glass. The weak spot in the spectrum between X 130c 
and X 1330* is observed with the lowest pressures in the receiver and 
is always present. It is impossible to say whether this is a true 
absorption band for hydrogen or if it is a characteristic of the emission 
spectrum of the source of light itself. 

At pressures near one atmosphere the absorption is considerable, 
the end of the spectrum being in the neighborhood of X 1600. Here 
again it is impossible to say whether this action is a property of hydro- 
gen or whether it is due to the presence of some impurity. A small 
trace of oxygen, for example, would account for the result. To make 
the experiment conclusive, it would be necessary to work with a 
spectroscope which could be made chemically clean. This condition 
would be very difficult to fulfil. The author hopes, however, to make 
some experiments on this subject with long columns of the gas placed 
in front of the slit of the instrument. 

HELIUM 

The author is indebted for the specimen of helium with which 
the work was done to the kindness of Professor E. P. Adams. In 
thicknesses of 0.91 cm, at atmospheric pressure, the gas shows no 
observable absorption in any part of the spectrum between X 1900 and 
X 1250. 

ARGON 

The gas was obtained from atmospheric nitrogen. I am indebted 
to Professor Baxter for his kindness in superintending the prepara- 
tion. The gas showed a very slight trace of hydrogen in the visible 
spectrum. In columns of 0.91 cm it produced no observable absorp- 
tion in any part of the spectrum, even when at atmospheric pressure. 

NITROGEN 

The gas was atmospheric nitrogen prepared in the usual way by 
passing air over hot copper and, like all the other gases, carefully 
dried. 

In columns of 0.91 cm and at atmospheric pressure the gas pro- 

« Astrophysical Journal^ 19, 265, 1904. 
» Ibid,, 23, 181, 1906. 
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duces a very slight absorption extending continuously from X 1800 or 
thereabouts to X 1250. The strength of this absorption increases 
slightly but regularly with decrease in wave-length, but even at the 
most refrangible end of the spectrum it is very small indeed. 

It is interesting to note at this point that, as argon is perfectly trans- 
parent and as nitrogen is not, the matter of absorption is probably 
not simply connected with increasing atomic weight. 

Schumann remarks: "Nitrogen proved itself very transparent 
even beyond 162/^/^, yet it absorbed particular wave-lengths very 
energetically."' The author has been unable to observe this absorp- 
tion of particular wave-lengths in the region between X 1900 and 
X 1250. 

Experiments on this gas with greater lengths of path would be of 
interest. 

OXYGEN 

The behavior of this substance aflfords a strong contrast to that 
of hydrogen, helium, argon, and nitrogen, for it absorbs light of 
short wave-lengths most energetically. This fact was discovered by 
Schumann. The present research marks a considerable advance in 
our knowledge of the properties of this gas, however, since from the 
writer's results it now appears that the absorption of oxygen is in the 
form of a band. This fact is entirely new. 

The gas was prepared electrolytically, heated to destroy ozone, and 
carefully dried over phosphorous pentoxide. It was then introduced 
into the absorption chamber and experiments on the relation of 
absorption to pressure were made upon it in th£ manner previously 
descrilx^d. The result is shown in Plate VII. The character of the 
band is unmistakable. With a pressure of one atmosphere, the more 
refrangible limit is not visible in the reproduction, though it can be 
just made out in the plate itself, but as the pressure in the absorption 
chamber is decreased this limit comes into view. Most unfortunately 
a careful study of the more refrangible region is much interfered with 
by the absorption of the fluorite windows, which first begins to be 
noticeable near X 1300. There docs seem to be, however, some 
indication that another absorption band exists, lying in the region 

I Smithsoniiin Contributions^ No. 1413, p. 15. 
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shut out by the opacity of the fluorite. Nothing definite can be 
said on the subject and attention will, therefore, be directed chiefly to 
the phenomena as shown in the strong band. 

The mere existence of this band is an important fact, but it is not 
the only result which the experiment yields. A glance at the plate 
is enough to show that the width of the band changes with pressure 
in a characteristic manner. For as the pressure increases the absorp- 



Fig. 2 

tion spreads much more rapidly toward the less refrangible side than 
in the other direction. This action is shown graphically in Fig. 2, 
where the last visible wave-length is plotted against the corresponding 
pressure. A is for the less refrangible end of the band, B for the 
more refrangible limit. WTien it is considered that the emission s])cc- 
trum is not continuous and not perfectly uniform, it is sur})rising how 
closely the points lie on the curves. It is not difiicult to find empirical 
equations to fit the curve. For A^ tlie equation takes the form 
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where \ and care constants having the values 1773 and 8.6 respect- 
ively; and B can be expressed by the relation 

where XJ, and D have the values 1266 and 4.5. In order to show 
how close the fit is, the observed points are marked with crosses and 
the curve is drawn through the calculated values. The agreement is 
fairly good, but too much weight must not be put upon it; for though 
the relation between the pressure and the minimum energy at the 
given point in the spectrum necessary to affect the photographic plate 
affords most alluring material for theoretical speculation, the uncer- 
tainties of the experiment make any general conclusions founded on 
numerical data of rather dubious value. The unequal and unknown 
distribution of energy in the spectrum, the possible change of sensi- 
tiveness of the photographic plate with change in wave-length, and 
the absorption by the fluorite windows introduce such complications 
into the case that any very exact relation such as that shown by the 
curves would seem to rest on some happy accident rather than on 
any fundamental principle. 

Though exact numerical results cannot be expected to follow from 
the experiment under consideration, yet some interesting general con- 
clusions may be deduced from the data at hand. 

Unsymmetrical bands in the case of gaseous absorption are by 
no means unknown. Such a band exists in chlorine, as has been 
shown by Miss Laird,' and more recently Wood' has investigated 
absorption of this kind in mercury vapor. Bands of this type are of 
special interest. 

Planck, in his work on the optical properties of gases, predicts 
for cases of very strong absorption the existence of bands which 
with change in pressure widen more rapidly on their less refrangible 
side than at their more refrangible limit; in addition his theory calls 
for an actual shift of the maximum of absorption with pressure change. 
Unfortunately, as Kayscr has pointed out, it is almost impossible to 
tell by any method whether the movements of the edges of the band 
are real or apparent. 

"^ Astro physical Journal, 14, 114, 1901. 
3 Ibid. J 26, 41, 1907. 
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The theory of Laxmor,' which has some application to Wood's 
observations of mercury, seems to have a more direct physical mean- 
ing in the present case, though we are still in the presence of the diffi- 
culties to which Kayser has called attention. Professor Larmor 
ascribes the imsymmetrical nature of the band in mercury to the 
formation of loose aggregates of molecules. He says: "The mole- 
cules in such loose aggregates would, owing to their (slight) mutual 
influence, vibrate in longer periods, and give rise to the displaced 
part of the band." Thus if the hypothesis is to have an application 
to the case of oxygen it will be necessary to show that the formation 
of such aggregates is not impossible in this gas. 

With this idea in mind, it is at once remembered that oxygen 
stands out among the elementary gases investigated because of its 
extremely strong absorption. It is not unnatural to inquire, then, 
if the mechanism of absorption in oxygen is the same as in other gases. 
Granted for the moment that in hydrogen, argon, and helium such 
energy as is absorbed is dissipated in some kind of friction operating 
on the vibrating system, or, according to Planck, in radiation given 
out again by the system, can we conceive of still other agents which 
w^ill transform energy in the case of oxygen and by which its extremely 
high absorption can be explained? Long ago Helmholtz^ pointed 
out that such agents probably exist. ** Die starkc Absorption ist also 
von starkem Mitschwingen der Molekeln begleitet, so dass wir dabei 
auch Warmeentwickelung und untcr Umstanden ein Zerreisscn der 
lonenverbindungen erwarten konnen, namentlich wenn noch cine 
elektrostatische Ladung der Substanz hinzukommt. So sind wohl 
die Beobachtungen von Hertz zu erklaren iilxr die Entwcichung der 
Elektricitat unter den Einfluss der ultravioletten Strahlcn." 

The action observed by Hertz is now believed to be due to the 
action of light upon a solid rather than u{X)n a gas; the passage is 
quoted, however, as it suggests directly the nature of the agents by 
whose action the absorption of oxygen is distinguished from that of 
other simple gases. These agents are ionization, and the formation 
of ozone or hydrogen peroxide. 

On the subject of the ionization produced by ultra-violet light, 

' Astrophysical Journal^ 26, 120, 1907. 
a Vorlesungen, Band V, 342. 
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we have the work of Lenard.' Lately an observation has been carried 
on in this laboratory which corroborates the results obtained by the 
earlier observers and which, it is hoped, will throw light on the ques- 
tion of the relation of ionization to wave-length. The work is not 
yet finished, but it may be stated with certainty that volume ioniza- 
tion Ls produced to a considerable extent 
by light of such wave-lengths as we are 
concerned with in the present investiga- 
tion. 

On the question of chemical action 
produced by ultra-violet light, there is 
considerable data at hand. Most of the 
investigators, however, including Lenard, 
have limited themselves to light less re- 
frangible than that of wave-length X i8oc, 
and in the case of those who have prob- 
ably used a shorter wave-length there was 
no means of determining the exact posi- 
tion in the spectrum of the vibrations 
which yielded the results. The wTiter 
has, therefore, undertaken some simple 
experiments on the subject, which, as 
they have to do with the question in hand, 
will be described here. 

A discharge tube of the internal capil- 
lary type, Fig. 3, was filled with hydrogen to about one mm pressure 
and closed by a fluorite window. The tube was excited by the trans- 
former previously mentioned ; there was no capacity in circuit. The 
current was of the order of ten milliamperes. Under these condi- 
tions the gas showed the many-line spectrum of hydrogen. The 
following experiments were then tried : 

I. Half of the fluorite window was protected by a piece of micro- 
scope cover glass and over it was laid a bit of paper moistened with 
starch paste containing potassium iodide; in fifteen seconds the paper 
turned strongly blue where it was not protected by the glass, the pro- 
tected portion remaining perfectly unaltered. 

» Annalen der Physik, i, 4S6, 1900. 
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2. A piece of quartz two mm thick was next placed on the fluorite 
window so as completely to cover it; the test paper was placed on 
the quartz. In fifteen seconds there was a noticeable discoloration 
of the paper, but the effect was not nearly so well marked as in case i. 

3. A shallow vessel B with a fluorite bottom was next placed 
directly upon the discharge tube so that the 

two fluorite plates were in contact. The test 
papers placed within this vessel upon the fluori' e 
bottom showed in fifteen seconds a discoloration 
only slightly less than that observed in case i. 

4. The vessel B was now raised one-half 
mm above the window of the tube; thus the 
light was forced to penetrate a column of air 
one-half nmi thick in addition to the fluorite 
plates; the discoloration of the paper in fifteen 
seconds was now very slight. 

5. If the vessel was removed to a distance 
of one mm, no discoloration could be observed. 
It is evident that the agency which produces 
the discoloration is weakened by quartz and 
is, so far as these experiments show, entirely 
cut off by one mm of air. There can be but 
little doubt that he agency is light of a 
shorter wave-length than X 1850. 

A more elaborate experiment was next under- 
taken. A discharge tube had cemented upon its 
fluorite window a chamber 5, 0.7 cm thick; 
this chamber in turn was closed by a fluorite window which carried a 
second shallow vessel C, o. i cm thick. This last vessel was connected 
to a manometer column which dipped in strong sulphuric acid. The 
function of the chamber B was to serve as a screen of variable trans- 
parency, and to this end it was connected to a mercury pump and 
McLeod gauge. The discharge tul^e was filled with hydrogen at 
about one mm pressure. The vessel C was filled with oxygen at 
atmospheric pressure. No change in the manometer column was 
observed when the discharge tube was excited. It was only when 
the pressure in B had been reduced to about one cm that the acid in 
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the manometer column began to rise, but this rise continued to in- 
crease as the pressure in B was reduced step by step. Care was 
taken to correct as far as possible from heat effects. 

The results with this more complex apparatus are only of a pre- 
liminary character. They serve to corroborate the results of the 
simpler experiment. There seems to be no doubt that light of wave- 
lengths shorter than X 1850 acts to produce chemical action energeti- 
cally, and that this action increases considerably in strength with 
decrease in wave-length in the region more refrangible than X 1850. 

That ultra-violet light produces ozone is a very well-known fact, 
but the writer believes that the action of such a feeble source of light 
as a hydrogen tube in producing change in the gas around it has not 
before been observed. The connection between the magnitude of 
this change and the wave-length of light has probably also not been 
recorded, at least for the spectral region under discussion. It must 
be remarked, however, that the starch-paper test cannot distinguish 
any more than the manometer between the production of ozone and 
hydrogen peroxide. The gas formed may be either the one or the 
other. 

The whole question of the relation of wave-length to the velocity 
of chemical reactions which are affected by light is one of extreme 
interest. A research on this subject is now in progress in this labora- 
tory. 

We may now return to Larmor's theory of the unsymmetrical 
broadening of the oxygen band. It is evident that the required 
molecular aggregates are furnished either by ionization or by the 
products of chemical action, or more probably by both agencies 
working together. If, therefore, the apparent shift of the limit of 
the band is in. fact a real shift, the theory of Larmor has received 
corroboration at the hands of the oxygen band. 

An investigation of the behavior of the band in chlorine or in 
mercury vapor under pressure change might yield interesting results; 
the writer hojx^s to turn his attention to the matter at some later time. 

In conclusion it is important to inquire what the optical properties 
of ozone are in the region under examination, for it seems very prob- 
able that this substance is formed in oxygen during the process 
of absorption. Schumann states: ''The presence of a moderate 
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amount of ozone does not alter the absorption at all." The writer's 
experiments bear out this conclusion. Ozone was made by the action 
of the silent discharge ; it was then run over phosphorous pentoxide 
and introduced into the absorption chamber. No difiference could 
be noted between the absorption of pure oxygen and that produced 
by oxygen containing ozone. 

The absorption in oxygen therefore, though it is closely connected 
with the production of ozone, does not seem to be affected by the 
presence of the gas when produced from another source. 

So far all the results which have come under discussion were 
obtained by varying the pressure with a fixed thickness of gas. The 
oxygen band, however, offers a good opportunity for a test of Beer's 
Law, and the writer hopes to collect data similar to those here pre- 
sented, but for various path lengths, at some future time. The 
work, however, is tedious and the inherent difficulties of such experi- 
ments will probably cause some delay. 

Schumann has observed fourteen groups of absorption lines near 
X 1850 which he attributes to the action of oxygen. He says : *' These 
groups which are of bandlike form constantly approach nearer one 
another with their deviation and are shaded off toward the red. 
Complete absorption is to be found with the most refrangible of them." 

The writer has never, been able to get satisfactory photographic 
records of this phenomenon, perhaps because of the difficulty he has 
experienced in obtaining a continuous spectrum of any strength in 
the neighborhood of X 1850 and because the slit of his spcxtroscopc 
falls short in perfection of the extremely beautiful instrument used 
by Schumann. 

It must be noted that these groups exist at the less refrangible 
end of the great absorption band. Judged in relation to it, they are 
probably of a feeble character. 

CARBON DIOXIDE 

The gas was prepared by heating sodium bicarbonate, and was 
dried over phosphorous pentoxide. The absorbing action is similar 
to that of oxj'gen, but much less energetic. Thus at one atmos])herc 
pressure the last visible wave-length with oxygen is X 1760, while 
with carbon dioxide it lies near X 1600. The relation of least visible 



I02 THEODORE LYMAN 

wave-length to pressure resembles that found in oxygen, but the curve 
which shows the results is far less smooth than in the case of the 
simpler gas. There is considerable probability that this effect is 
produced by maxima and minima which occur throughout the band ; 
in fact, some of the minima are clearly evident w^hen the absorption 
of the gas is observed at low pressures. They occur in the region 
between X 1600 and X 1300. Schumann has observed similar narrow 
bands at the less refrangible end of the region. 

Unlike oxygen, the more refrangible limit of the band has not been 
discovered, perhaps because it lies in the region shut off by the opacity 
of fluorite. 

CARBON MONOXIDE 

The gas was prepared from oxalic and sulphuric acids and dried 
as usual. 

The absorption is very characteristic and quite unlike that of 
oxygen, as may be seen from Plate VII. There seems to be very 
little action from X 1850 to X 1600, but from \ 1650 to X 1250 eight 
separate bands exist. The maxima occur near X 1548, 15 12, 1482, 
1450, 1423, 1395, 1370, 1345. For any given pressure they decrease 
in width with decrease in wave-length. As the pressure is reduced, 
each band contracts, but even at a value of o.i of an atmosphere, 
all the bands are still distinguishable. They do not correspond to 
any lines or groups of lines in the emission spectrum of the gas. At 
least two of the bands seem lo coincide with those observed in carbon 
dioxide. The limit of the spectrum as shown in the illustration is 
not due to absorption but to the character of the source of light. 

Schumann speaks of carbon monoxide as producing *'a series 
of rhythmical inverted groups of lines.'* As he confined his atten- 
tion almost entirely to the part of the spectrum on the less refrangible 
side of X 1600 it is probable that this group of lines does not coincide 
with the bands which arc illustrated in the accompanying plate and 
which lie in the region below this limit. As in the case of oxygen the 
writer has been unable to obtain any satisfactory data as to the exist- 
ence of the less refrangible minima. 

The absorption of carbon monoxide, so different from that of any 
of the other gases so far investigated, deserves further study. Like 
all the experiments described in this paper, the results were obtained 



ULTRA-VIOLET ABSORPTION OF SOME GASES 103 

for a single gas thickness of 0.91 cm. Longer gas paths should yield 
interesting data. 

AIR 

The absorption of the air is one of the most important factors in 
all practical problems relating to the region of short wave-lengths, 
and direct experiments were, therefore, made on the subject even 
before the work on the elementary gases was begun ; exactly the same 
method being followed in making observations on the effect of change 
of pressure as was employed later with other gases. 

It appears that the absorption of carefully dried air can be described 
as due to the absorptions of the oxygen and nitrogen which it contains. 
As might be expected, it is more transparent than oxygen, for, while 
with oxygen at atmospheric pressure and a path of 0.91 cm the last 
visible wave-length is near X 1760, for air under similar circumstances 
it is near X 1710. Moreover, in air as in oxygen the absorption is in 
the form of a band. There is one difference to be observed, how- 
ever, between the action of the gas mixture and that of the clement, 
for with air the more refrangible end of the band is rather indistinct, 
while with oxygen at a corresponding pressure it is extremely sharp. 
This effect is probably due to the presence of nitrogen whose absorp- 
tion, though very slight, is yet enough in the region of shortest wave- 
lengths to account for the result. It seems improbable that such 
traces of ozone, carbon monoxide, and carbon dioxide as are ordi- 
narily to be found in the atmosphere can have any marked effect 
upon its absorption for that part of the spectrum which has been con- 
sidered in this paper. Moreover, from experiments on dry and moist 
air, the effect of such quantities of water vapor as occur in the air of 
a laboratory seem to be negligible, at least within the limits of these 
experiments. 

It must be remembered, however, that in treating the al^sorjjtion 
of the atmosphere for light less refrangible than X 1900, these state- 
ments may not be true. Ozone, for example, is known to exercise 
strong absorption in the region between X 3000 and X 2000; in fact, 
the limit of the solar spectrum has been ascribed by Hartley and 
others to its presence in the atmosphere. It seems not improbable, 
therefore, that the agents which determine the opacity of the air for 
light of greater wave-length than X 2000 may be somewhat diflerent 
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in nature from those whose action produces the absorption of light 
of wave-lengths more refrangible than this value. 

Finally, it is of considerable interest to inquire what inference may 
be drawn from the data at hand as to the transparency of the air for 
light of even shorter wave-length than that which is recorded on these 
plates. For it is obvious that if it could be sho\Mi that the air is 
transparent to ether vibrations of very high frequency the result 
would be of considerable importance. 

Unfortunately, nothing very definite can be said on the subject. 
The fact that the ultra-violet limit of the absorption band in oxygen 
appears to spread in both directions with decrease in pressure points 
to the existence of a second region of absorption beyond the point 
at which fluorite becomes opaque. Moreover, as far as the data now at 
hand are concerned the absorption of nitrogen seems to increase rather 
regularly with decrease in wave-length. These facts taken together 
would indicate that no great improvement in the transparency of the 
air for light more refrangible than \ 1250 is to be expected. On the 
other hand, since the limits of one oxygen band have been discovered, 
it seems not improbable that if a second band exists, it too. will have 
its end ; moreover, it is perhaps legitimate to surmise that the absorp- 
tion of nitrogen is in the form of a band and that for very short 
wave-lengths this gas also may regain its transparency. 

In short, tliough it seems improbable that the air is transparent 
for light of the very shortest wave-length, yet the results of this 
research indicate that such a state of things is not impossible. 

CONCLUSIONS 

1. The absorption of hydrogen, argon, helium, nitrogen, oxygen, 
carbon monoxide, and carbon dioxide has been investigated for a 
single thickness, but with varying pressure, between X 1850 and X 1250. 

2. Hydrogen, argon, and helium in thicknesses of 0.91 cm and 
at atmospheric pressure produce no observable absorption in this 
region. 

3. The absorption of nitrogen, though slight, is perfectly percep- 
tible even for a thickness of 0.91 cm. The absorption appears to 
increase with decrease in wave-length. 

4. The absorption of oxygen takes the form of a band extending. 
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if the thickness is 0.91 cm and the pressure is atmospheric, from near 
X 1760 to near X 1270. The behavior of this band with change in 
pressure has been studied. The mechanism of the absorption of 
oxygen as distinguished from that in other gases has been discussed 
and some new experiments on the eflFect of light of very short wave- 
length in producing chemical change have been tried. The results 
have been found to bear upon a theory of the unsymmetrical shift of 
the limits of absorption. 

5. The absorption of carbon monoxide has been found to be 
unlike that produced by oxygen, in that it is characterized not by 
one broad band, but by eight narrow bands in the region between 
X 1600 and X 1250. 

6. The absorption of carbon dioxide is characterized by the pres- 
ence of a broad band slightly resembling that due to oxygen, but 
complicated by the presence of maxima and minima within its limits. 

7. The absorption of the air for the region between X 1850 and 
X 1250 appears to be due to the combined actions of the oxygen and 
nitrogen which it contains. Under the conditions of this research, 
in thickness of 0.91 cm and at the pressure of one atmosphere the 
last visible wave-length lies in the neighborhood of X 1710. As in 
the case of oxygen the absorption is in the form of a band. 

Jefferson Physical Laboratory 

Harvard University 

December 28, 1907 



THE FUNCTION OF A COLOR-FILTER AND "ISOCHRO- 
MATIC" PLATE IN ASTRONOMICAL PHOTOGRAPHY 

By ROBERT JAMES WALLACE 

The new era in photographic science, opened by the introduction 
of the (so-called) isochromatic plate and its accompanying color-filter, 
was pregnant with significance to astronomers in general throughout 
the world, for that hitherto while the application of photography to 
the recording of results could be attained only by the possession of 
an expensive correcting lens, the simple combination of a color-filter 
and isochromatic plate not only fulfilled all requirements, but did 
so more perfectly. 

It requires but little consideration to arrive at the very logical 
conclusion that, whether an individual be equipped with but rudi- 
mentary photographic knowledge or an extended experience, success- 
ful results arc more or less a matter of " accidentals." Natural causes 
compel that this must be so, i. e., the unsteadiness of the earth's 
atmosphere, and consequent *' bad seeing." Every astronomer knows 
that during the period of an observation there are moments when the 
image appears to '^steady down" and detail '* flashes out," only to 
be again lost in the ensuing ** boiling." In the case of a large image 
like the moon, these moments of steadiness can be watched for and 
taken advantage of when they occur; but, naturally, it is the exposure 
of plate after plate, or, the exposure of portion after portion of the 
same plate, that gives results; because it is obvious that, given 
even fairly good seeing, the development of a large number of ex- 
posures taken consecutively throughout the period must result in 
some that are much better than others, since the better ones utilize 
the light during a momentary steadiness. It follows, therefore, that 
the steadier the air the greater the percentage of good images, and 
the greater the number of exposures the better the chance for success. 

Assuming the possession of a telescope and camera-box, together 
with a i)lcntiful supply of plates and a modicum of manipulative 
photograj)hic knowledge (which is not synonymous with a knowledge 
of photography), there are but few things less difficult than obtaining 
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results in so far as the operator is concerned; the only element of 
uncertainty introduced being the atmospheric disturbances, over 
which he has absolutely no shadow of control. The focus is fixed by 
star-trails at any time prior to the exposure, and once determined it 
remains constant except for temperature, which by contraction or 
expansion of the metal parts of the telescope, or change of figure in 
the objective, shifts the focal plane nearer to or farther from the objec- 
tive. Several settings, however, at varying temperatures provide 
points upon which is erected a focal curve, the casual observation of 
which, before or during work, instantly indicates the exact focal 
setting. 

It is an almost incomprehensible fact that while the principles 
underlying the use of color-filters and " isochromatic " plates are very 
thoroughly understood by all students of photography, yet in astro- 
nomical circles generally the most vague and visionary ideas are 
entertained, and this too, in many cases, by the very individuals who 
are making constant use of both. It is unfortunate that the data 
relative to the subject is almost wholly scattered throughout the photo- 
graphic and other journals (mostly European), and so much has been 
written by so many people, thact to attempt the compilation and neces- 
sary editing of the material would be a task truly herculean. The 
purpose of the present paper, therefore, is an attempt to set forth 
connectedly the principles governing their use. 

In the adjustment of a color-filter to a visual refracting telescope 
the point of first consideration is the correction of the lens for color, 
i. e., the "color-curve.'' Generally speaking, the region from \ 5400- 
X 5900 represents the portion most nearly flat, viz., where the rays 
approximately come to the same focus, while the focal points of 
different wave-lengths lie at a gradually increasing distance apart. 
As a typical example of a visually corrected Clark objective, the color 
curve for the 40-inch telescope is shown in Fig. i. 

If all light-rays passing through the objective were to come to a 
focus at the same plane, then of course the color curve would be 
represented as /, and when photography was attempted it would 
simply be sufficient to place in that plane a photographic plate whose 
selective sensitiveness it would not be necessary to consider. 

Strictly speaking, there is only one point upon the curve which is 
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directly coincident with /; but generally speaking, and in practical 
consideration, a much greater extent is permissible, this extent being 
limited by the diameter of the confusion circles, which are themselves 
dependent upon the angle subtended by the objective. 

In the case of the 40-inch telescope the angle subtended at the 
visual focus equals almost 3°. Considering the light-ray at \ 5650 
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(indicated on the figure by an arrow) as forming a point source at the 
plane of the plate at /, it will be seen that the different focus points of 
dilTercnt wave-lengths will be spread out into confusion circles of 
greater or less diameter as the rays cross nearer to or farther from that 
plane. Light, therefore, of ^ 4800 and X 6700 will Ix' spread out from 
a point source into a circle whose diameter equals about 0.7 mm. 
As the intensity of the light is diminished in inverse proportion to the 
surface, it follows then that a light-intensity of unit value at its focal 
point must possess a weakenerl })hoto-chemical value according to 
the distance the plate is removed from that focal point. Hence it 
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cannot produce the same effect upon a photographic film unless the 
time of exposure be proportionately extended, such extension from 
investigations by Abney,^ Schwarzschild,' Mees and Sheppard,^ and 
others, being represented as /X/^ the value of the exponent'* being 
less than unity, and varying with different plates. In all probability 
it also varies with the wave-length. ^ 

The value or amount of this weakening of the light is, however, 
dependent upon another factor, and that a most important one, viz., 
the sensitiveness of the plate to the wave-length in question. The 
portion of the color curve which approximates a straight line lies in 
the very region to which the ordinary photographic film is entirely 
insensitive, and hence enters the isochromatic plate. 

It is an interesting coincidence that it is just thirty-four years ago 
this month that the first publication was made in English of Dr. 
H. W. Vogel's discovery on photographic sensitiveness to rays of 
longer wave-length than the blue, by the introduction to the emulsion 
of sundry dyestufis and also the first use of a color-filter. Vogers 
original announcement was made just one month prior. It does at first 
sight appear somewhat strange that, in spite of the almost immediate 
and since continued activity of the plate-manufacturer, the commercial 
"iso" or orthochromatic plate of today is practically but a very slight 
advance upon the primary discovery. It is nevertheless a disagree- 
able fact. 

The difference in selective sensitiveness between the ordinary 
and the isochromatic is plainly shown in Fig. 2, which illustrates 
graphically the sensitiveness curves of a Seed ^'27" and a Cramer 
"Instantaneous Isochromatic." 

It will be noticed that the **iso" plate ]X)ssesses a secondary maxi- 
mum at about X 5600, which is approximately even in intensity from 
X 5300 to X 5700, a most convenient coincidence, as this region corre- 
sponds precisely with the flat portion of the objective color cur\'c. 

» Proc. Roy. Soc, 54, 143, 1893. 

» Asirophysical Journal, 11, 89, 1900. 

3 Theory of the Photographic Process^ p. 214. 

4 Where /=» intensity, and / = time of exposure. 

s A. Becker and A. Werner, "Das photographische Reziproziiats^esctz fur Brom- 
silbergelatin bei Erregung mit Licht vcrschiedencr Wellcnlilnge," Zeitsclirijl jiir n-is- 
senschaftliche Photographic, 5, 382, 1907. 
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It results therefore that if the isochromatic plate be placed in the 
plane of /, the secondary sensitiveness of the plate and the focus for 
the yellow-green rays are coincident. It is of course true that all of 
the wave-lengths between say X 5200 and X 5900 do not come to 
precisely the same focus, but they do so with practical identity. 

The strong maximum at the blue end of the isochromatic plate is 
an unfortunate condition which up to the present has not been sus- 
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ceptible of much improvement. It does not exist from lack of eflFort 
to remove it, because both the plate-manufacturer and the inde- 
pendent investigator have devoted much time to its subjection, but 
without satisfactory results; for while it has been possible to lower 
it by the introduction to the film of otherwise inert dyes whose absorp- 
tion corresponded with the blue maximum, yet it has been at the 
expense of speed, which is thereby greatly lowered. The Cramer 
^^ slow iso" is typical of such a plate. 

It might at first thought be considered possible (and several astron- 
omers have attempted) to make use of such a stained plate in astro- 
nomical photography; but it must be remembered that, although the 
sensitive film may be so loaded with dye as effectually to filter out 
the overactive bluc-violet rays from the light transmitted by it, yet 
on the surface of the film the particles of silver bromide are covered 
with a layer of dye of extreme attenuation; hence there would always 
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be action by the blue- violet light although in a lessened degree, 
which would result more or less in submergence of the sharp image 
under a veil of confused out-of-focus light of comparatively great 
actinic energy. The out-of-focus red light at the other end of the 
curve need not be considered, as the plate is insensitive to radiations 
of this wave-length, even with very prolonged exposure. The only 
practical method for the elimination of this out-of-focus blue-violet 
light is by the employment of a color-filter which will absorb it before 
reaching the sensitive film. 
It is axiomatic that pure 
monochromatic light acting 
upon the plate will produce 
the sharpest image. 

Not only is it impossible 
to construct color-filters to 
transmit true monochro- 
matic light, but even if it 
were possible they would be 
valueless, because the light 
transmitted would be too 
feeble to be effective. They 
are constructed, therefore, 
to absorb all wave-lengths 
shorter than from about 
X 4600 to X 5400, depending 
upon the class of work for which they are to Ix- used. It is necessary, 
generally speaking, to have a color-filter with a closer a[)proximation 
to monochromatism when engaged in the photography of faint detail. 
This is a point well understood by all experienced photographers, 
and approximate monochromatic light-filters in photomicroscopy have 
been used a greater number of years than I woukl care to go on record 
as quoting. Such filters have also, for some time, been a regular 
article of commerce. 

There is a great deal of uncertainty relati\'e to the a1)sorption of 
a certain color-filter, and it may as well be stated now that the photo- 
graphic absorption of a color-filter, with a certain plate, depends 
upon the exposure which that plate receives. Increase of exposure 




Fig. 3. — a. Cramer instantaneous isochro- 
matic unscreened, b. Cramer isochromatic, in- 
creasing exposures through color-fiher. 
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means increased extent of action. This is true of all filters (see 

Fig. 3)- 

The best position for the color-filter is immediately in front of the 
sensitive plate. In such position it is known that it displaces the 

image by a distance equal to /( j when / is the thickness, and fi 

refractive index; hence it is necessary, for this cause alone, to deter- 
mine the position for a new filter, before exposure is made. For 
critical work it is necessary to determine focus separately for two 
color-filters, even should they possess practically the same absorption, 
because in manufacture, no matter what amount of care is used, 
small differences are unavoidable. 

If the filters possess different absorptions, then it requires merely 
a primary knowledge of that and the objective's color curve, to know 
that the focus must necessarily be different. 

In a paper by Dr. Schlesingcr in the Astro physical Journal of 1904 
(20, 123) dealing with photographic star-images for parallax deter- 
mination, an illustration is shown of a loose cluster taken with the 
40-inch telescope, on an isochromatic plate, without the interposition 
of a color-screen. In this plate the enlargement is so slight — 1.7 
times — that the quality of the images cannot be shown. Besides, such 
an enlargement is in no wise comparable with that required in lunar 
or planetary work. A number of illustrations are therefore given 
(Figs. 4 and 5, Plate VIII) of series of exposures made at the 40-inch 
telescope upon the same star, both with and without a color-filter. 
The exposure times are 30 sec, i min. 30 sec, 4 min. 30 sec, and 13 
min. 30 sec, and the enlargement is rigorously exact on each to eight 
diameters. The statement by Schlcsinger that "careful comparison of 
stellar plates, taken with the screen and without, shows that there is 
little to choose between them, either as regards the minuteness of the 
images or their sharpness,'' cannot therefore be accepted. It should be 
said, however, that his comparisons were on negatives made by Ritchey 
with a color-filter which transmitted a considerable amount of blue 
light, extending almost to \ 4500; also, his statement applies particu- 
larly to faint stars, which in reality do present but little difference 
unless they be much enlarged. 

During the period covered by the past fourteen years the writer 
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has given considerable time to the special study of absorption filters 
for various conditions, and in 1903-4 devoted much labor to the criti- 
cal requirements necessary in filters for astronomical photography. 
Use was made of the 12-inch and 40- inch telescopes and about 500 
lunar and stellar negatives were made at various times throughout 
that period. These negatives were made under all possible (logi-al) 
variations of the color-filter, both ** liquid" and "dry," and of 
mean transmissions of from X 4200 
through many steps to X 5500. Some 
of these filters also absorbed the red 
end of the spectrum. This large number 
of negatives contained some exceedingly 
choice images which were selected and 
their filters located in the laboratory 
notebook. Deductions from these results 
showed that with a range of 100 tenth- 
meters within the limits of X 4700 or 
X 4800 there was no certain improvement 
discernible on the delineation of detail 
when the exposures were at the mini- 
mum allowable for normal development, 
although, as has been stated, theoreti- 
cally they should increase in value as the filter approaches mono- 
chromatism. 

Fig. 6 shows the tiansmission spectra of several of the color-fillers 
used at this observatory, while Fig. 7, Plate IX, shows the difference 
between the images obtained with practically similar exposures by the 
use of filters X 4600 and X 4900 respectively. Between these two 
limits, there is noticeable a gradual increase in quality value of the 
images as they approach nearer to monochromatic conditions. The 
filter in most general use here possesses a mean alj)sorption of \ 4900. 

In the justly famed lunar negative made by Ritchey the densest 
color-filter used by him transmitted blue light as short as \ 4500, yet 
the seeing was so good, and the exposures were so successfully handled, 
that, from the comparatively small number made, he was enabled to 
select several that show a delicacy of detail which, although inferior 
to visual observations, has given them the premier place in ])hoto- 




FlG. 6. — Spectral trans- 
mission of various color- 
filters. 
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graphic lunar delineation. Had the exposure been prolonged it 
would have been at the expense of definition — the summation effect 
of the action of the blue light and the atmospheric tremor. 

In a recent paper by Professor Lowell there has been advanced 
what he terms a "new means of sharpening celestial photographic 
images/' and the paper is illustrated by diagrams, to show the curves 
of color-sensitive plates, and of the Lowell objective respectively. The 
title is misleading, however, because fallacious, being founded upon 
a misconception of the theory. 
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Briefly expressed, the *' device'* consists in sensitizing an iso- 
chromatic plate for the red, and making use of a color-filter with an 
absorption at X 5000 (made by the writer). His first illustration 
shown represents the color curve of the Lowell 24-inch objective, 
but the curve shown by Lowell differs considerably from curves sup- 
plied me for the construction of his color -filters, and differs also from 
that published by Slipher in the Astro physical Journals This lack 
of accordance is showoi in the illustration (Fig. 8), where it will be 
seen that there is an ordinate difference of from 5 to 7 J units at the 
Fraunhofer C and B lines. A close search fails to find anything 
published regarding a redetermination of the curve later than that 
already published by Slipher. 

X 20, 9, 1904. 
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The second illustration is entitled "curves of sensitiveness of 
photographic plates" (Fig. 9a), but as such they are unfortunately 
quite wrong. 

Taking that one plotted as the "Cramer instantaneous isochro- 
matic" and comparing it with the actual sensitiveness curve plotted 
from careful measurements as shown by the dotted line (Fig. 96), 
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1. Cramer Instantaneous Jsochromatic. 

2. Seed "33"; Pinacyanol and Pinaverdol bathed. 
3.. Seed "93": Pinacyanol and Pinachrome bathed. 
(Ordinate values were not indicated.) 



the result serves well to show the futility of plotting densities from 
visual estimates. 

The two Lowell curves shown extending into the red beyond B, arc 
marked respectively "Seed 23 bathed with pinacyanol and pina- 
verdol," and "Seed 23 bathed with pinacyanol and pinachrome." 
The context of the paper informs us that a trial of these two plates 
thus treated resulted in failure, the cause for which it is suggested may 
lie in the developer used. Inability in the present writer to follow 
the reasoning which prompts this suggestion, leads, however, to dis- 
carding the attempt, when it is obvious that the failure follows incvi- 
iaJbly from the slowness of the plate and the " flatness " of its sensitive- 
ness curve between X 5000 and X 6800. As failures, however, the 
value of their inclusion is doubtful, while as representing relative 
sensitiveness they are deficient. The '* blue-sensitiveness" of a 
plate divided by the "yellow- (or red-) sensitiveness" is the method 
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adopted by all photographic workers for expressing the chromatic 
value; and following this, measurement of these cun'es gives a value 
of about 1 . 2 or 1 .3, while in reality the true value lies in the neighbor- 
hood of ii.oor 12.0. 

In all probability a part of the difference is due to the fact that the 
Lowell cun^es are estimated from prismatic spectra — ^a most unreliable 
source because the apparent sensitiveness is shifted toward the red 
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end by an amount dejx?ndent ufX)n the refractive index and number 
of prisms used. Every investigator in photography knows that the 
maximum sensitiveness lies at X 4100 not at X 4600, and that in fast 
isochromatic plates of high quality the value of the yellow-green- 
sensitivcness is far below that of the bluc-scnsitiveness, and not in 
excess, as shown in the Lowell curves. \Miat we are immediately 
concerned with, however, is the relative sensitiveness of the isochro- 
matic plate after bathing. 

If it were possible to sensitize an isocliromatic plate for the red, 
and retain the relatively high maximum of sensitiveness in the yellow- 
green at X 5100, then, in reality, we should still occupy the same 
position in regard to celestial photography as before ; because although 



ASTRONOMICAL COLOR-FILTERS 117 

it would be possible to gain greater speed it would be at the expense 
of definition; for it stands without possible argument, and as has been 
shown, that the greater the extent of objective curve embraced, the 
less critically sharp the image; although by consequent reduction in 
exposure time there would be less liability to unsharpness by waves of 
bad seeing. It is unfortunately true, however, that it is impossible 
to retain the value of the original isochromatic maximum. 

Supplementary to a somewhat exhaustive investigation upon the 
action of the isocyanin dyestuffs upon the photographic plate recently 
concluded by the author,* about a dozen isochromatic plates were 
bathed in a combined bath of pinacyanol and pinachromc, under 
different types of bath, which included water, and dilute alcohol, plus 
ammonia, with subsequent washing in water, alcohol, dilute alcohol, 
and without washing. The strongest sensitizing action with this 
plate was found to result from an aqueous ammoniacal bath followed 
by a slight water washing, and rapid drying. The plate was then 
developed in the constant temperature tank, fixed, dried, measured, 
and plotted. This is the cur\^e shown by the continuous line in Fig. gc. 

It has been suggested that, inasmuch as the objective in itself 
certainly possesses selective absorption, prismatic spectra were there- 
fore very suitable, and in fact "quite the correct thing" for tests 
of relative sensitiveness. A series of spectra illustrating the absorption 
of the 40- inch objective (Fig. 10, Plate IX) shows, however, that beyond 
an absorption of about 200 A. in the extreme ultra-violet there is no 
shift in the point of maximum sensitiveness, which remains constant 
at X 4100. In previous papers the writer has demonstrated with 
some degree of completeness the incomparability of prismatic and 
diffraction spectra. 

Inasmuch as we are mainly concerned at present with tlie action of 
the plate under a color-filter, a series of exposures was also made 
through a X 5000 filter (precisely similar to that made for Professor 
Lowell) to the spectrum of diffused daylight, and tlic normal exposure 
measured and plotted. Similar exposures were also made upon the 
pinacyanol and pinachrome bathed "iso" plate, which was also 
measured (for equal-exposure times). These exj)osures, togetluT with 
their resultant measured curves, are now shown in Fig. 11. 

« A stropky steal Journal^ 26, 299, 1907. 
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Measurement of the relative areas of these cun^es gives a result 
which is practically equal. 

Exact tests are desirable, however, to determine the remaining 
constants of the plate, and to that end two isochromatic plates (bathed 
and normal) were exposed simultaneously in the revolving sector- 
disk machine behind the A. 5000 filter to diffused daylight. Both 
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plates were developed together at the one time, for the same length of 
time, and at constant tem})erature. They were then measured, and 
their curves are shown in Fig. 12. 

Parallelism of the curves instantly indicates no change in grada- 
tion by bathing, while the extraction of the relative speed gives a 
value of 1,1 times, or 10 per cent, in favor of the bathed plate. As 
this is a negligible amount in plate density, it therefore confirms, by 
direct measures to selective light, the speed estimate obtained from 
the si>ectrum curves. Flat rejjroductions are also shown of the plates 
measured. It results therefore that there is no direct gain in speed 
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but merely extension of spectral sensitiveness, the effect of which will 
be presently showoi. 

Taking up the " tests" by Lowell, I quote from Lowell Observatory 
Bulletin, No. 31, as follows: " Exposing a plate of this kind on Mars, 
in our usual way, .... I took half the number behind the old screen 
and then replacing it by the new one, took as many more, both sets 
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being exposed equally The results stood self-confessed , the 

detail came out sharper in the images taken with the orange screen 
than wath those taken with the yellow. . . . ." 

It would have been rather astonishing had the result not shown a 
difference; for when we consider that we are dealing with two entirely 
different color-filters, one of which transmits to X 4800 and both of 
which are constructed for use with a plate ix)ssessing one single high 
maximum in the yellow-green, it \vould hardly be expected that tliey 
should give as sharp results when used witli a i)late possessed of two 
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active maxima. A more complete knowledge of the underlying prin- 
ciples would have predicated the result obtained. Had the A. 4800 
filter been intended to be used on such a type of plate, then it w^ould 
have been made to absorb the red end also. 

That an extended sensitiveness does not compensate for a sinsjle 
maximum, is very wtU show^n in the accompanying illustration (Fig. 
13, Plate IX), w^hich represents a series of {a) three exposures wuth the 
40-inch telescope upon an instantaneous "iso" plate through a color- 
filter, at the critical focus; and (6) three more exposures upon the 
same star, through the same filter, for similar lengths of time, at 
precisely the same focus, with estimated identity of seeing, but with 
a red-sensitive plate. The increase in the size of the images, and 
the loss in sharpness, is readily apparent and needs no further 
comment. 

If instead of a star we assume the case of the planet Mars^ then we 
should have still a more decided example, because, according to 
Slipher, " the continuous spectrum of Mars is decidedly stronger in the 
orange red than that of the moon, while at E the reverse is true,"' 
whence an increased action in the out-of -focus red. 

In making use of the color-filter X 4800 with a red-sensitive plate, 
use is Ixung made of more than double the amount of out-of-focus 
light than would be clTectivc if the filter wx^re used with the plate for 
which it was solely constructed; for, by the lowering of sensitiveness 
in the original isochromatic maximum, there is an increase in the 
burden of action which is thrown, first, upon the amount of blue light 
transmitted by the filter, and second, upon the region of enhanced 
sensitiveness at the red end, which is, equally with the blue, U[X)n a 
rising branch of the objective's color curve. 

With the orange filter the blue is cut off entirely, confining the 
action to the yellow-green and red, i. e., to the flat portion and a 
single rising branch, therefore a stej) nearer monochromatic condi- 
tions. Were the action taken entirely out of the red and added to the 
yellow-green, it would be a step still nearer true monochromatism, 
but such a change would result simply in practically duplicating the 
original compensated curve of the instantaneous isochromatic plate 
(see Fig. 11). It therefore follows, and is beyond the possibility of 

' Lowell Observatory Bulletin, Xo. 17. 
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doubt, that if this filter be used in conjunction with the instantaneous 
"iso," still sharper images will be obtained than with the red-sensi- 
tive plate, because the active rays will be more nearly monochro- 
matic. 

The value of exposure combined with steadiness of air as influen- 
cing sharpness, (i) by reason of monochromatism of light acting, and 
(2) by only making use of a minimum disturbance, is shown by the 
excellence of direct solar negatives made wuth the blue light on ordi- 
nary non-orthochromatic plates, at a point where the color curve is 
rapidly approaching the vertical. 

Important as is the correct appreciation of the isochromatic plate, 
color-filter, and exposure, yet of an importance equally commen- 
surate is the r61e played by an efficient backing. It is safe to state, 
that in the deUneation of astronomical detail the omission of backing 
causes at least a 50 per cent, loss of presentable results; while in each 
instance where such results have been attained, they would have been 
100 per cent, better had backing been used. It is equally safe to say 
that the lack of knowledge on this point is even greater than on the 
chromatic adjustment of plate and filter, and yet the principle involved 
is of obvious comprehension. 

Everyone who has photographed (and many who have not) has 
observed that where, for example, an exposure has been made upon a 
subject presenting fine dark markings upon a brightly illuminated 
area, in many instances this detail is either entirely obliterated or so 
grievously weakened as to be decipherable only with difl'iculty. In 
ordinar}' outdoor views branches or other objects cutting the bright 
sky are equally lost. This is the most common effect of halation. 
It is well known that when a ray of light after passing through the 
sensitive film and glass plate at any angle other than normal meets the 
air at the surface common to both, a portion of the ray is reflected 
again into the glass and impinges against the lower surface of the 
sensitive film. This amount of light reflected gradually increases with 
the angle of incidence until it reaches the critical aigle at which i)oint 
there is total reflection. The point upon the sensitive film where the 
ray falls may be considered as a point of emission and as the rays radiate 
in all directions around this point they thus form a circle in the plane 
of the sensitive film. This halation circle is very evident in photo- 
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graphic stellar negatives which have been made on wnbacked 
plates.^ 

In astronomical photography of an illuminated area such as the 
moon or the planets we have a precisely similar effect, for if on this 
illuminated area there be visually noted a thin or faint line, then the 
difficulty of recording it upon the sensitive film (even assuming abso- 
lute steadiness) is enormously increased if the plates used be not 

backed. Let A (Fig. 14) 
represent diagrammatically 
a section of the sensitive 
film and B the glass sup- 
port, then the film at the 
narrow Une D is (theoreti- 
cally) unacted upon, while 
the illuminated area at ddf 
is, and is blackened by the 
subsequent action of the 
developer. If the plate be 
unbacked the rays illumi- 
nating the area dd' are re- 
fracted as in d" through A 
and B, and reflected back 
to the lower sensitive surface 
Py where they react upon the film, and upon development produce 
a blackening which in itself is sufficient not only to obscure but often 
entirely to obliterate the impress of the narrow line -image Z>. 

It will of course be evident that if there be no variation in refract- 
ive index in the course of the path of the beam HK, there can be no 
reflection at O, hence no deposit at P. It follows, then, that if the 
plate be backed with a medium of similar refractive index to the glass, 
the beam wiU pursue its path without suffering reflection, provided 
that this medium be of such a color that it absorbs the active light- 
rays when they have entered. 

If the layer of backing applied to the glass be represented at M^ 

^ » There is another form of halation caused by the spreading of the light laterally 
through the film, but inasmuch as this is a matter over which the photographer has 
no control, and is of very small effect, it is not necessary to consider it here. 
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Fig. 14 
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then it results that the path of the incident beam H continues uninter- 
ruptedly until it reaches the air surface at MN, from whence it would 
be reflected to CK. However, if the layer M be colored red, then the 
light-rays will,. by absorption, be robbed of their actinic value, so 
that only red light will be returned to P, which are of course inactive 
upon the film. 

In practical work a backing composed of caramel mixed with a 
quantity of burnt sienna, or lampblack, has been found highly effi- 
cient. The compound is smeared heavily over the back of the plate 
with a stiff bristle brush. 

When use is made of red-sensitive plates it would obviously be of no 
avail to color the caramel red because the modicum of light returned 
would be that to which the plate was sensitive, hence the best result 
for general work will be attained by the use of black. A damp wad 
of absorbent cotton readily removes the backing before development. ' 

To be most thoroughly effective, the backing should be in contact 
with the sensitive film and between it and the glass support. Such 
plates with a stained substratum are manufactured by several firms, 
but deficiency in the relative sensitiveness of the film has — so far — 
eliminated them from use in astronomical work. 

In concluding these remarks upon the influence of filters and 
isochromatic plates in astronomical photography, no claim is made 
for general originality; in the specific application to astronomy the 
treatment is new, but otherwise all points are matters of common 
knowledge to the photophysical student. 

We may summarize the foregoing in the following few sentences : 

1. It is axiomatic that the closer the approach to monochromatic 
illumination, the more critically sharp will be the image. In practice 
the approach to monochromatic conditions is governed by the sensi- 
tiveness of the plate to the region under consideration. 

2. With the use of the commercial isochromatic plate with its 
single secondary maximum in the yellow-green, there is no certain 
improvement in photographic definition (astronomically considered) 
by making use of a color-filter of greater mean absorption tlian 
X 4900-X 5000. 

« If the plate be laid aside for some time before development the backing should 
be removed as its presence results in peculiar markings upon the film. 



124 ROBERT JAMES WALLACE 

3. The two governing factors in successful astronomical photog- 
raphy of faint detail on illuminated areas (such as lunar or planetary 
work) are first, critical minimum exposure; and second, effecevti 
backing. 

4. Given the necessary apparatus and material and assuming the 
ordinary ability to handle it, the personality of the operator exercises 
no influence upon the results obtained. These are, instead, relatively 
good or bad, as the "seeing" is excellent or poor. 

Yerkes Observatory 
December 23, 1907 
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DETERMINATION OF THE ORBITS OF SPECTROSCOPIC 

BINARIES 
By W. F. king 

On the assumption that the orbit of the star is an ellipse described 
about a center of force in one focus, the graph formed by taking the 
velocities in the line of sight as ordinates and the corresponding times 
as abscissas will be a periodic curve, from which can be determined 
the elements of the orbit, viz., the periodic time, the eccentricity, the 
longitude of the periastron from the ascending node, the projection 
of the major axis upon the line of sight, and the velocity of the sys- 
tem as a whole, that is, of the center of gravity of the system or of 
the focus of the elliptic orbit. 

Various methods of determining these elements have been given, 
either geometrical, like that of Lehmann-Filhds, depending upon the 
comparison of areas of certain parts of the curve ; or analytical, like 
that of Russell, using a Fourier series. 

The cur\'e of observed line-of-sight velocities differs from the 
true curve, by reason of errors of observation. The method of least 
squares may be employed to correct the first values of the elements, 
and to give the most probable values. 

Spectra of certain types, however, are difficult to measure with 
accuracy, with the result that the graph of observed velocities may 
present differences from the theoretical curve which bear a con- 
siderable ratio to the velocity, so that the method is not to be dejX'nded 
upon unless successive approximations are made, entailing much 
labor. In such cases correction of the graph may Ix' resorted to. 

A free-hand curve is drawn, as nearly as possible of the form 
which the velocity curve should have, and as nearly as possii^lc repre- 
senting the observations. This curve may be adjusted so as to fulfil 
certain theoretical conditions, as to equality of areas, etc. (Lehmann- 
Filhes method). From this curve the elements are determined 
and from them an "ephemeris'* is computed and a new graj)h repre- 
senting these elements is drawn. Comparison of this with the former 
curve indicates correction to the elements, wherein' a better accord- 
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ance with observations may be secured. A new ephemeris with 
corrected values of the elements is then made, followed by a com- 
parison with the observations. By successive trials in this way, the 
values of the elements most nearly according with the observ^ations 
are finally determined. This is the method which has been fol- 




lowed here in obtaining the elements of the orbits of early type stars, 
and I notice by some orbits recently published by the Lick Obser- 
vatory, that the same procedure has been adopted there. 

The object of the present paper is to present a method whereby 
as much as possible of the work of testing the accuracy of the 
successive graphs and of preparing the ephemerides may be done 
graphically. 
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Let the ellipse ABAiBx in Fig. i represent the orbit of the star, 
S the center of force at the focus, AAt the major axis, N the ascend- 
ing node, Ni the descending node. Let P be the position of the 
star in its orbit at any time. We will suppose the motion of P to 
be clockwise. Draw SY perpendicular to the tangent at P. The 
point Y will, by a property of the ellipse, fall on the circle AZZiAi, 
described on the major axis as diameter. If h is twice the area 
described in the imit time, v the velocity of the body in its orbit 
(with reference to 5 considered fixed). And if we produce YS to 
meet the circle again in Z, 

SY . SZ==SA, • SA =a'{i-ey . 
Hence 

SZ therefore is proportional to the velocity at P. It is perpendic- 
ular to its direction. Therefore the circle AZZ^A^ is the hodo- 

graph of the orbit, changed in scale in the ratio i : r and 

turned through a right angle. 

Draw RSR^ through 5, and DCD^ through the center C, per- 
pendicular to the line of nodes. Draw ZMK jxTpendicular to 
these two lines and cutting them in M and K, Then ZK is pro- 
portional to that component of the velocity relative to 5, which is 
perpendicular to the line of nodes and in the plane of the orbit. 
If the plane of the orbit is inclined to the line of sight at an angle 
90°—/, ZK sini is proportional to the velocity in the line of sight. 

Multiplying all the ordinates, as ZK^ of the circle by sin /, we 
evidently find for the hodograph of velocities in the line of sight an 
eUipse, of which the semi-major axis is proportional to CD or a, 
and the semi-minor axis to a sin i. 

It is to be observed that, by a property of the ellipse and the circle 
on its major axis CZ is parallel to SP. When therefore P proceed- 
ing from the ascending node has turned an angle u about the focus, 
the corresponding point of the elliptic hodograph has the eccentric 
angle u (counted from the minor axis). The velocity in the line of 
sight (stiU considering S at rest) is therefore 

(ZM + MK) sin i=a si n i cos u + MK sin i. 
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This consists of a constant part MK sini which is equal to SM 
sin i cos (o (« denoting the longitude of the apse counted from the 
ascending node) or ae sin i cos o); and a variable part a sin i cosu. 
Let us now conceive the scale of the figure to have been changed 

h 



by multiplying all lines in it by 



a'{i-e^)' 



then the circle AZZ^A^ 




becomes the hodograph in the orbit, and the ellipse produced by 
multiplying the ordinate's perpendicular to RSRj by sin i becomes 
the hoclograph of observed velocities. Comparing this ellipse with 
tlie graph of observed velocities in the line of sight, w'e see (assum- 
ing that the observations are without error) that the tw^o curves have 
the same ordinates but different abscissas; those of the graph being 
proportional to tlie time, those of the ellipse being proportional to 
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the sine of the eccentric angle counted from the minor axis, that is, 
to the sine of the longitude (u) counted from the periastron. 

Fig. 2 shows by the circle AZZ^Aj^ the orbital hodograph, and 
by the ellipse AWW^A^ the hodograph of the line of sight, having 
the ordinates MW, M^W^, etc., equal to MZsinf, M,Z, sin i, 
etc. Reduce all the abscissas of the ellipse in the same ratio, multi- 
plying by sin i. Then the ellipse becomes the circle UUj U^ described 
on the minor axis as diameter. 

By consideration of the similar triangles ZMCy UMC, etc., it is 
seen that the new positions C/, I/, .... of the points W^,W^x,W''a fall 
on the straight lines joining C with Z, Z,, Z,, etc. Therefore the 
longitudes are imchanged, and the circle U, C/,, U,, may be used 
as the equivalent of the hodograph of observed velocities. The 
problem is reduced to comparison of a circle with a curve m w^hich 
the abscissas are proportional to the time. 

The radius of this circle may be denoted by K. In terms of the 

elements of the ellipse 

„ h . . /? sin / 

A =a- 



a'{i-e') a(i-e') 

h is found from the periodic time U, for 



, 27r(i^l l—€^ 



.-.K- 



U 

2-rra 



U\ i-c' 



K is equal to one-half the difference Ix'twccn the maximum and 
minimum velocities in the line of sight. When this and e have Ixen 
foimd with the desired precision, the value of a sin i follows from 
the above formula. Figs. 3 and 4 will serve to illustrate the appli- 
cation in practice of the foregoing principles. 

First of all, the observed velocities having Ix'cn plotted as ordi- 
nates with the times as abscissas, a free-hand curve is drawn approxi- 
mately of the peculiar form of the theoretical curve, and passing 
through or near to the points representing the individual observations. 
The curves in the figures may \)c taken as representing more or less 
closely such a graph of observations. In the figures the curves lla^'e 
been drawn with exactness for two eccentricities, 0.75 and o. 10. 
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A circle is drawn having for diameter the difference between the 
maximum and minimum ordinates, and having its center on the line 
midway between the maximum and minimum points. This line, 
parallel to the axis of abscissas, may be called the central line of 
the curve. 

The periodic time having been determined in the usual way, the 
abscissa-length corresponding to it is divided into any convenient 
number of equal parts, say 40; it should be an even number. The 
ordinates for these abscissas are placed in the circle, and the points 
so found in the circumference of the latter are marked. If the 
curve is of correct form, the points marked on the circumference 
will be foimd to lie at imequal distances from one another (except 
when the eccentricity of the orbit is zero), but these unequal dis- 
tances will be found to vary imiformly. The points will be close 
together in the vicinity of one point of the circle, and will gradually 
separate as we proceed in either direction therefrom, until at the 
diametrically opposite point they reach their maximum distance 
apart. It is evident that the former point will corresix)nd to apas- 
tron, and that of widest separation to pcriastron. 

If it chances that one of the points of division of the line of 
abscissas corresponds to an apse, the divisions of the circumference 
will be equal at equal distances from the a})sidal diameter. It not, 
they will not be equal on the two sides of this diameter, and the 
periastron will not coincide exactly with a division, but will lie within 
the greatest division of the circumference. Apastron similarly lies 
within the least division. We may, if we please, use the approxi- 
mate positions of the apses thus found to set off our fortictlis of the 
period along the line of abscissas from a new origin, wherel^y two 
of the points of the circle will more closely coincide with the apsidal 
points. In this manner, given a graph sufficiently near to the tlieo- 
retical form, the position of the apsidal diameter may be determined 
and the angle which it makes with the axis of y measured witli a 
protractor. This angle is the longitude (&>) of the apse. 

It will be observed that this process furnishes a more tliorough 
test of the accuracy of the graph than the method of equality of 
areas. If it is imperfect, the j)oints on the circumference of the 
circle will not be distributed according to the regular order of increase 
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or decrease of the included arcs. If an ordinate of the graph is too 
long or too short, the corresponding point on the circumference will 
be too near or too far from the vertical diameter. 

If the points of maximum and minimum velocity have not been 
well determined, the diameter of the circle w^ill be too long or too 
short. In the former case all the points on the circumference will 
be crowded away from the vertical diameter; in the latter, toward it. 
Since the arcs of the circle represent differences of longitude corre- 
sponding to the given interv-als of time, and -r, varies inversely as 

the square of the distance from the focus, we have by measuring the 
lengths d and di of the arcs at points whose longitudes from the 
periastron are and 0i, 

d _ (i+ecos^)' 

dr^i-^ecosB^y 

whence the eccentricity may be found, when the position of perias- 
tron is known. If we measure the arcs at jXTiastron and apastron, 

we have 

d 
d. 

In applying this method, it is usually sufficient to measure the chords 
instead of the arcs, as only an approximation is needed at this stage. 
If the eccentricity is so large as to so greatly increase the arcs near 
periastron that they may not be considered equal to their cliords, 
additional points may be interpolated near jxTiastron. 

It is not advisable, however, to spend too much time on these 
preliminary processes, as it is hardly possible that the first graph 
should be drawn with sufficient accuracy to give a good final result. 
The approximate value of the longitude of the apse anrl the eccen- 
tricity is, however, needed for the construction of a better grai)h, or 
"ephemeris." 

The process in use here of ai)proximate determination of llie 
elements and constructing an ephemcris is as follows: Usint^ the 
analytical formulae, the true anomalies correspon(h'ng to aliciuot 
parts of the period of the binary are comj)uted for any assumed 
eccentricity, and set off on the circumference of a circle, to be used 
as a protractor. A division of the period into 40 equal parts is in 
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general convenient, though for high eccentricities a further subdivi- 
sion must be made for the neighborhood of periastron. The need 
for this is shown in Figs. 5, 6, and 7, which show protractors drawn 
for eccentricities 0.70, 0.75, and o . 80 respectively. The anomaly 
corresponding to one-fortieth of the period (or 9° of mean anomaly) 
is seen in Fig. 7 to be almost 90°. Intermediate lines near perias- 
tron have therefore been interpolated (show^n dotted in the figures), 
dividing the one-fortieth next to periastron into 6 equal parts, each 
corresponding to i?5 of mean anomaly (this is found convenient 
with the tables we use, which give the solution of Kepler's equation 
for every half-degree). The second interval from periastron has 
been divided into 3 equal parts (3° of mean anomaly). 

In Figs. 8, 9, and 10, drawn for small eccentricities, 0.05, o.io, 
and 0.15 respectively, the parts of the circumference arc nearly 
equal throughout. A number of these protractors, on transparent 
celluloid, have been made here, .\ftcr the ordinates of the curve 
have been transferred to the circle, and the circumference marked 
off, a choice among the protractors will show w^hich one agrees most 
closely with the marked points, and thereby the values. of the longi- 
tude of the apse and the eccentricity of the orbit are obtained. Tests 
here have shown that the eccentricity can thus be determined within 
0.01 when the velocity-curve is accurately drawn. If not accurately 
drawn, no such close approximation is necessary. 

To construct an ephemeris, given eccentricity e, apse longitude o), 
range of velocity 2 A", and jx^riod U, proceed as follows: 

Draw a circle of radius A". Draw its ^S'ertical'* and *^ horizon- 
tar' diameters, producing the latter to the length necessary for the 
period U, according to the time-scale adopted. Set the protractor, 
made for eccentricity ^, with its center over that of the circle, and 
its apsidal diameter making an angle (o with the vertical diameter. 
Plot the radial lines representing the anomalies corresponding to the 
divisions of the period upon the paper, noting their intersections 
with the circumference. 

Having divided the line representing the period into a number 
of j)arts corresponding to the ])rotractor, erect {XT{X'ndiculars at these 
points of lengths cc[ual to the corresponding ordinates of the circle. 
A free-hand curve drawn through the extremities of the ordinates gives 
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the required curve or "ephemeris." If, as will usually happen, the 
observations are plotted and the graph drawn on cross-section paper, 
the procedure will be considerably shorter. Draw the circle of 
radius K on the same or a similar sheet, place centrally on it the 
transparent protractor with the periastron point at the proper longi- 
tude ft) from the vertical diameter, and note the ordinates of the 
points of intersection of the circumference of the circle with the radial 
lines of the protractor. These ordinates can be at once placed on their 
corresponding abscissas without cither drawing or measuring. 

If a set of protractors, such as in use here for values of e differ- 
ing by 0.05, is not available, an alternative procedure is to use an 
ordinary protractor to set off arcs of 10°, say, and then the abscissas 
of the time velocity curve may be made equal to the mean anomalies 
corresponding to true anomalies of every 10° around the orbit. This 
can easily be done with a set of tables, such as have been computed 
here, giving the parts of the period corresponding to true anomalies 
of every 10° for all values of e from o to i, at intervals of 0.05. 

WTien the ephemcris has been drawn, it may be redrawn to a 
different apsidal longitude in the manner following. In Fig. 11, 
draw CA and CB equal to the radius K of the generating circle, 
and including an angle fyS) equal to that by which it is desired to 
change the apse-longitude. It is evident that if the point C be 
placed on the central line of the curve, and A on any point of the 
curve, the point D where the ordinate of A meets a line through B 
parallel to the axis of abscissas will be a point on the curve corre- 
sf)onding to an orbit, of the same eccentricity ^, and apse -longitude 
ft)-f-y3. For if the ordinate of A is K sin (^ + ft>), being the true 
anomaly, that of D will \x^ K sin (6-\-w-\-^)^ and the abscissa (the 
time) remains the same. 

To decrease the a j:)se- longitude, set B on the curve and find the 
point Di on the ordinate of 5, such that ADt is parallel to the axis 
of abscissas. 

In ])ractice a curve may be converted very rapidly. Let the con- 
struction be made on cardboard. After drawing the lines CA and 
CB, descrilx' a circle on AB as diameter. Cut this circle out of 
the cardboard, marking on its circumference the point A, Cut the 
cardboard so that there is a tolerably sharp point at C. If the cur\'e 
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has been drawn on cross-section paper, the intersection of the ordi- 
nate of A can be followed down by eye to its intersection with the 
circumference at Z>, and this point marked with a pencil. By operat- 
ing thus with a number of points the curve can very rapidly be drawn 
to the changed apse-longitude. 

If it is desired to change the scale of the velocities (i.e., the value 
of K) and the apse-longitude at the same time, this may be done 
by a slight modification of the construction above. Draw CA (Fig. 
12) as before equal to K and CB=Ki at an angle ^ with CA (to 




Fig. II Fig. 12 Fig. 13 

right or left according as increase or decrease of apse-longitude is 
required). Draw the circle on AB as diameter, and proceed as 
before to draw the amended curve. 

If it is desired to change K to Kt without changing &>, CA and 
CB are drawn in the same line (Fig. 13) and the circle is described 
on the diameter AB as before. 

These constructions suggest another method of drawing an 
ephemeris. 

Let a number of standard curves be drawn for ditTcrent eccen- 
tricities, and for any convenient apse-longitude, which may be o or 
90°, or have any other value. Such a curve will ditTer from the graph 
of the observations both in the scale of the abscissas and also in 
that of the ordinates, and in general in difTerent ratios. 

Both abscissas and ordinates may be reduced with the panta- 
graph to the scale of abscissas set by the length of the period of 
the binary, and then the further change of scale of ordinates to agree 
with that of the observed velocities may be made in the manner 
outlined above, and at the same time any required apse-longitude 
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may be introduced. This method would have the advantage that 
the standard cun-e for a given eccentricity would need to be drawn 
but once, and therefore might be constructed very carefully. No 
convenient method of varying the eccentricity has yet been devised. 
I wish to express my obligations to Mr. J. S. Plaskett for valuable 
assistance in preparing this paper for publication. 

Dominion Astronomical Observatory 
January 31, 1908 



THE STAR IMAGE IN SPECTROGRAPHIC WORK. II 

By J. S. PLASKETT 

In the paper under this title published in this Journal for April 
1907, I described a series of tests made to determine the character of 
the image given by the system of visual objective with auxiliary 
photographic corrector, which is so generally used as the condensing 
system in spectrographic work. These tests definitely proved that 
the resulting image had negative aberration, that the focus for the 
edge rays w^as about 2 . 5 mm longer than the focus for central rays. 
It was also shown that the chromatic difference of spherical aberration 
of the objective at Hy accounted for about 2 mm of this aberration, 
and that the correcting lens instead of removing the difficulty had 
added to it. Furthermore, a comparison of the relative exposure 
times at Ottaw^a wuth those of other equipments showed that the same 
difficulty probably existed elsewhere. 

The matter, therefore, was deemed of sufticicnt consequence to 
justify an energetic attempt to improve the quality of the image and 
a new corrector was ordered from the J. A. Brashcar Co. As the 
difficulty with the original corrector had been partly ascribed to its 
small size, 2.25 inches (57 mm) aperture, Professor Hastings enlarged 
the new lens to 4 inches clear aperture, with an effective aperture of 3 . 8 
inches (96.5 mm). As it was impracticable to send the objective to 
Allegheny for use in testing the corrector, Professor Hastings devised 
an ingenious method of obtaining the correct figure. The radii of 
the surfaces and the thicknesses of the two elements were so computed 
that, assuming truly spherical surfaces, the system of objective and 
corrector would be free from aberration at the desired region. As 
spherical surfaces can be readily tested, the concave at the center of 
curvature and the convex, which in this case are of the same radius 
as one of the concave, by interference fringes, it was lioped that the 
new lens would give satisfactory images. 

WTien it was received early in August last, it was found necessary, 
owing to its considerable distance, 15X3.8, or 57 inches (145 cm), 
within the focus, to add a support to the upper end of the mounting 
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in the form of a guiding ring into which the tube containing the cor- 
rector slipped. This ring was held in position and adjusted exactly 
in the optical axis by three radial bolts with nuts on the outside of the 
telescope tube. Accurate coUimation after removal and replacement 
and also in every position of the telescope was therefore insured. 

An examination of the appearance of the illumination pattern on 
the collimator and camera lenses, as observed by looking into the 
camera, sufficed to show that aberration was still present. The pat- 
tern was by no means uniform, although exhibiting some improve- 
ment over that given by the old lens. 

As soon as possible the actual form of the image was determined, 
exactly as described in the former paper, by Hartmann^s method of 
extra-focal measurements. The mean of a number of such 
measurements is given in Table I while the zonal differences of 
focus are platted in curve B, Fig. i. For comparison the curve for 
the original corrector is reproduced in A, while D gives the differences 
of focus for the objective used visually. 



TABLE I 
Zonal Foci of Objective and New Corrector 



Radrs 

OF 

Zonk 

MM. 



Xew Correcting Lkns 



I Xew Correcting Lens Refigured 



Focus 



Mean AsliRmatism Focus 



Mean Astigmatism 



28. 

47- 
66. 

85. 



104. 



123. 



142. 



I()0. 



178. 



45" 

135 

o 

90 

45 

135 

o 

90 

45 

135 

o 

QO 

22. 

67. 

112. 

157- 
45 

^:>> 

o 
90 



91.07 
90- 55 
9155 
91 30 
91.04 
90 . 60 
90 . 66 

90-53 
91 .01 
90.41 
91.14 
90.90 
gi . 28 
91.41 
QO.g4 
91-36 
91 .85 
gi.30 

92 -43 
92.14 



90.81 
91.42 
90.82 

90 -59 
90.71 
91 .02 

91-25 
91 .60 
92.28 



+ 0. 26 

— o. 26 
+ 0.13 
-0.13 
4-0.22 

— 0.22 
+ 0.07 

— 0.07 
+ 0.30 

— 0.30 

-f O. 12 

— O. 12 

-f o . 03 

+ 0.16 
-0.31 
-f O. II 

+ 0.25 

— 0.24 
+ 0.15 

— o. 14 



91 
91 
91 
92 
91 
I 90 
I 90 

1 QO 

I 90 

I go 
90 

I ^^ 
90 

go 

I 90 
' 90 

90 
I go 
I go 

89 



.87 

.36 

■05 

.07 

.28 

.89 

•27 

•47 

.46 

.18 

■3^ I 

•25 

•38 

.24 I 

.04 

■37 . 
.28 I 
. II I 
•50 , 



91.62 
91.86 
91.08 

90 -37 
90.32 
90.29 

90.26 
90.20 
90.13 



+ 0.25 

— 0.26 

— 0.21 

4-0.2I 

+ 0.20 

— 0.19 

— o. 10 
+ 0.10 
+ 0.14 

— o. 14 
4-0.04 

— 0.04 
4-0.12 

— 0.02 

— 0.22 
4-0. ir 
4-0.08 

— 0.09 
+ 0-37 
-0-37 
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It is evident from a comparison of the curves for the two correcting 
lenses that the same trouble exists in the new lens as in the old, for, 
although there is some slight improvement, it does not yet compensate 
for the chromatic differences. Its curve, however, is more regular 
and is nearly similar to the visual curve and this, taken in conjunction 




Fig. I. — Zonal differences of focus. 



with its larger aperture, should allow it to be more readily corrected 
by refiguring. In actual use, however, it is doubtful whether much 
improvement would be noticed on account of the greater incli- 
nation of the curve at the outer zones, which have tlie greatest efTect 
in determining the character of the image. Thii disai)pointing 
failure to fulfil the computed results must doubtless be ascrilxd to 
the small unavoidable departures of the actual from the com[)uted 
radii of curvature, thickness, etc., of the elements, which may easily 
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account for the small remaining aberration. The only chance of 
improvement appeared to be in refiguring the surfaces to introduce 
the required amount of positive aberration. A reference to Fig. i, 
curve jB, shows that, if the focus for the edge with respect to the 
center Ix? shortened by i . 5 mm, and if this shortening be gradually 
decreased until a medium zone is reached, the image w^ould be as 
good as desired. 

Owing to the difficulties and delays involved in sending the 15- 
inch objective to Allegheny, the corrector alone was taken there, 
particularly as Mr. McDowell w^as certain that he could introduce 
the required amount of aberration. Preparations wxre made for 
confirmator\' tests by the Hartmann method in addition to Mr. 
McDowell's visual tests. The method of testing adopted, which 
followed as closely as possible the actual conditions under which the 
lens was to be used, consisted in forming a beam of parallel light by 
placing an artificial star at the principal focus of a 6-inch objective. 
A 4-inch objective of 60 inches focus placed in this beam formed 
an imaj];e of the star, and, if the corrector were inserted three inches 
from this objective, it would intercept a pencil of the same diameter 
and convergency and at the same distance from the focus as w^hen 
used in its comi)utcd position at Ottawa. Moreover, tests by the 
Hartmann method or the ordinary knife-edge tests were equally easily 
ap])lie(l. 

A ])reliminary Foucault or knife-edge test with red monochromatic 
light, which was used in this test on account of the difficulty of obtain- 
ing monochromatic blue, showed that the edge focus of the system 
of 4 inch objective and corrector was about 0.7 mm shorter than the 
focus at the center. This is an indication, since presumably the 
4-inch objective is free from aberration for light of this wave-length, 
that positive aberration to the extent of about 0.7 mm was present 
in the corrector. Tlie cliromatic difference of the 15 -inch objective 
is about 2 mm, and lience this test showed that the corrector required 
an increased amount, previously estimated at about 1.5 mm, of 
[)ositive aberration. A Hartmann test, using photographic light, 
sliowi'd tlie difference between center and edge to be about 0.2 mm. 
The difference Ix'tween this and the visual test of 0.7 mm is almost 
exactly tliat (hie to the chromatic dilTiTcnce of the 4-inch objective. 



STAR IMAGE IN SPECTROGRAPH IC WORK 143 

Thus all the tests were in accord with one another and gave increased 
confidence in the reliability of each. 

After a few minutes* figuring of the outer concave surface a visual 
test showed a difference between center and edge of about 4 mm, 
which was considerably too great. However, Mr. ^IcDowell's skill 
in figuring enabled him at the second trial to get the surface so nearly 
right that repeated tests by different observers showed the difference 
from the required amount, 2 . 2 mm, to be indeterminable. A con- 
firmatory Hartmann test showed the positive aberration present to be 
about 1 . 8 mm, i . 6 mm greater than before figuring. 

The corrector was therefore considered completed, and the short 
time required to polish it, less than five minutes if the time spent in 
carr>'ing it too far and bringing it back be deducted, is an indication 
that its failure to fulfil its computed purpose is probably due, as was 
stated above, to slight deviations of the actual from the computed 
figures unavoidable in practice. In this connection I wish to express 
my admiration of the skill of the John A. Brashear Co. in producing 
perfect optical surfaces, and my appreciation of the generous manner 
in which they have treated us in this as well as in all other matters. 

Immediately upon my return from Allegheny, a Hartmann test 
was made of the performance of the refigurcd corrector. Using 
lantern plates and Capella as in the previous paper, the mean of a 
number of measures is given in Table I and shown gra])hically in 
curve C, Fig. i. A comparison of curves C and D shows that the 
deviations from the mean focus are less with objective and corrector 
than with objective alone, although this advantage is })robahly counter- 
balanced by the greater astigmatism of the former system in the outer 
zone. If Hartmann's criterion *T" is com])uted for objective and 
corrector, as was done in the previous i)ai)er for objective alone with 
a value of 0.141, it is found to be 0.118, showing the system to be 
almost perfect so far as zonal aberration is concerned. The small 
deviation near the center is of no ])ractical im})ortance, owing to its 
relatively small area and to the narrow convergency of the pencils, 
and probably arises, as the visual curve shows, in the object i\e itself. 

Determinations of the color-curve of objective and corrector for 
a median zone were made by Hartmann's method and the results are 
platted in Fig. 2. Curve A is for the corrector in its com[)ute(l position 
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57 inches (144.8 cm) above the focus, curve B 59 inches (149.9 cm), 
and curve C 54 inches (137.2cm) above the focus, while curve D 
is for the old corrector. These curves show that the point of mini- 
mum focus can be shifted to the red by lowering, and to the violet by 




Fic. 2 — Color curves of new corrector. 

raising the correcting lens; this knowledge may be of value if, for any 
cause, the portion of sfXTtrum under observation were changed. As 
is to Ix* expected, the color-curves for new and old corrector do not 
differ appreciably in form. 

It may be of interest to give some figures showing the exposures 
required to obtain measurable spectra with the new correcting lens. 
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In the three-prism plates, which have been confined to solar-type 
stars, the region measured lies between X 4340 and X 4580 and the 
exposure was suflScient to give good intensity over this range. In 
the single-prism plates the region measured lies between Hp and K, 
and the exposure was suflScient to allow K to be acciurately measured 
and to sharpen up the diffuse H lines. I should estimate this exposure 
to be more than twice that required in a solar-type star of the same 
photographic magnitude around X4500. In single-prism work in 
order to render the spectrum more uniform in intensity the slit is 
placed about 2 nun below the minimum focus so that star light of 
wave-lengths about X 4000 and X 4800 is in focus on the slit. For 
this purpose the color-curves obtained above prove very useful. 

TABLE II 

Three-Prism Spectrograph 

Linear dispersion 10 . o tenth-meters per mm at Jly 



star 


Phot. Mag. Draper Cat. 


Slit-Width 


Exposure 


iy Piscium 


5.02 
385 


0.038 mm 
0.030 


70 mins. 
3S " 


tCygni 





TABLE III 

Single-Prism Spectrograph 

Linear dispersion 30 tenth-meters per mm 2X Hy 



Star 


Phot. Mag. 


Slit-Width 


Exposure 


t Orionis 


3.4 
3-9 
4.6 


0.030 mm 
. 030 
0-035 


IC mins. 


Andromedae 

y^ Ononis 


25 " 

40 '' 





As these figures show, the exposure times required, considering the 
size of the telescope, are short and compare favorably with those of 
any installation, although enough data have not yet been secured 
with the three-prism spectrograph to make accurate comparisons 
possible. If the magnitude of -q Piscium, which is assigned as 5.02 
in the Draper Catalogue, is reliable, then a star of the iifth photo- 
graphic magnitude could be photographed in two hours with a slit 
0.025 mm wide and a linear dispersion of 10 tenili-melers per milli- 
meter, a very efficient performance for a 15-inch objective, especially 
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in the generally unfavorable conditions at Ottawa. Again, if the 
exposures given with the single-prism spectrograph be reduced by 
50 per cent, or more, as would occur were the slit set at the focus for 
X4400 and the spectrum made measurable around this region, they 
would indicate similarly a very efficient condensing system. So far 
as the data at hand go, they indicate a decrease in the required exposure 
time with the new corrector of upward of 30 per cent, and if Table V' 
of the previous paper be reconstructed under these new conditions it 
would show the relative efficiency of the Ottawa installation to be 
equal if not superior to that of any other. 

The successful issue of the attempt to improve the photographic 
image given by the Ottawa objective and corrector is of value, not 
only on account of the increase in the range and efficiency of the 
equipment, but also because of the greater freedom from chance of 
systematic displacement of the lines due to the more uniform illumina- 
tion of the collimator insured by an image free from aberration. It 
is also of value as showing the possibility of obtaining a practically 
perfect corrector without sending the objective to the optician. 

Another advantage, so far as this investigation is concerned, is 
the assurance of having a star image free from aberration as a starting- 
point for a trustworthy investigation into the actual effect of atmos- 
pheric disturbances on such an image. Some experiments were made, 
as recounted in the previous paper, on the effective diameter of the star 
image but, owing to the aberrations present in the old corrector, the 
results obtained gave only the combined effect of aberration and 
atmospheric tremor. Since the former has been removed, a repeti- 
tion of the experiments should give an accurate knowledge of the effect 
of the latter. Newall lias already given,^ principally from theoretical 
considerations, a very valuable discussion of the effect of such an 
enlarged image on the design of spectrographs, and it seemed to me 
that a description of some experiments bearing on the same point 

I Since the table referred to was published, Mr. V. M. SHpher has informed me 
that the exposure times assigned to the Lowell equipment were too large. They 
were taken from his pa[)er on ''Standard Velocity Stars," but Mr. Slipher states that 
the early plates were not only ovcrexjjosed, hut that the spectrum was made much 
wider than necessary. Under such conditions the Lowell equipment would make a 
much more favorable showing. 

3 Monthly XoiiceSy 65, 60S, 1905. 
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together with the conclusions reached would also be of value. Newall 
considers the effective star image to be composed of a central "core/' 
as he calls it, surrounded by a more diffuse "tremor-disk" and calcu- 
lates on such an assumption the quantity of light transmitted by slits 
of different widths for different diameters of core and tremor-disk. 
I shall attempt to show how the percentage of light transmitted may 
be determined experimentally and obtain from that and other experi- 
ments some conception of the form and dimensions of the star image. 

If one examines the visual star image in a telescope by an eyepiece 
of moderate power, it cannot escape notice that the image is not sta- 
tionary, that it is displaced in all directions from its mean position, 
and moreover that the central diffraction disk is frequently expanded 
in a greater or less degree. These two phenomena, due entirely to 
atmospheric effects to which should be added the light in the bright 
rings surrounding the central disk, may be assigned as the cause for 
the enlargement over theoretical dimensions of the star image on a 
negative. The effects are all summed up in the resultant image, very 
much increasing its diameter over that due to the central disk alone. 

As a test of this hypothesis stars of different magnitudes were photo- 
graphed, a number of different exposures being given to each star. 
The diameter of the images varied from 0.050 mm equivalent to i''8 
for a faint star w'ith short exposure to o. 130 mm or 4''7 for a bright 
star with medium exposure. A number of these images of moderate 
exposure had a central nucleus of about 2" diameter surrounded by 
an outlying penumbral portion some 3" or 4" in diameter. The 
diameter and intensity of this penumbra increased with increase of 
exposure, until in the longer exposures on bright stars its intensity 
became equal to the nucleus, resulting in the largely increased diame- 
ter noticed. Photographs of Capella on lantern-slide plates with 
exposures from 10 to 40 sec. gave images of diameters from o. 13 to 
0.17 mm, or from 4^5 to 6", and these images differed from those of 
shorter exposure on fainter stars by being more sharply defined at the 
margins and of uniform intensity throughout. The minimum effect- 
ive diameter of star images seems therefore to be in the neighborhood 
of 2", though this will evidently vary with the conditions of seeing. 
The diameter remains nearly the same for a considerable range of 
exposure and then begins to increase until it reaches about 6", although 
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part of this may be due to the spreading of the light in the film or to 
halation. 

If the star be allowed to trail on the plate, the width of trail will 
give us a measure of the effective diameter of the image, and its 
appearance some idea of its character. The trails in every case, even 
in good seeing, were broken and jagged, showing the dancing of the 
image previously referred to. The enlargement or blurring is shown 
by the widths of the trails, which for a third-magnitude star on a 
lantern-slide plate ranged, even in the narrowest short parts, from 
o . 035 to o . 048 mm, or from 1^25 to if;, upward of twice the diameter 
of the central disk. For Capella the widths w^ere from 0.050 to 
0.065 mm, I ''8 to 2f'3. If the microscope wires were set tangent to a 
longer strip of the trail, the above figures were increased about 30 per 
cent. For the old corrector the widths ranged from 0.070 to 
o. no mm, practically twice as great as with the refigured lens. 

The widths of star spectra made under different conditions of expos- 
ure and focus were also measured and ranged from o . 048 to o . 1 10 mm. 
In order to prevent any widening due to drift in right ascension, the 
spectrograph was turned in position until the slit w^as parallel to an 
hour circle. As the focal lengths of collimator and camera are equal, 
the widths obtained give a measure of the effective diameter of the star 
image. The star used was Vega^ which was chosen for two reasons: 
the shortness of exposure required insuring freedom from possibility 
of drift, and the type of spectrum rendering it certain that the full 
width was obtained. Similar experiments with solar-type stars showed 
that the discontinuous nature of the sjxxtrum rendered it apparently 
much narrower. 

It will be of interest here to give a table showing the increase of 
width with incr'^asc of exposure. 

TABLE IV 



ExixKSure 



\ViH»h Angular 



5 sees o . 048 mm i fy 

10 sees ! 0.049 ! 1-7 

1 5 sees . . I o . o^)o | 2.2 

20 sees o . 075 2.7 

30 sees o . 086 I 3.1 

45 s^^c-=i I 0.095 ] 35 

90 sees o.iio 4.0 
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The above figures show how the outlying parts of the "tremor- 
disk," which has a "core" of about i7y diameter, increase the width 
of the spectrum when the exposure is sufficiently prolonged to allow 
them to act on the plate. 

With the old corrector the widths ranged from 0.085 to o. 115 mm, 
coisiderabiy wider than those given above. 

The above experiments indicate that NewalPs hypothesis in regard 
to the character and dimensions of the star image is in close argeemcnt 
with the observed facts. The dimensions seem to point to a tremor- 
disk about 5" diameter with a core 2". If the proportions of the light 
transmitted by slits of different widths on which such an image is 
incident be computed, and if we obtain, exactly as was done in the 
previous paper, the proportional exposures required to obtain spectra 
of equal intensity over the same range of slit-width, a comparison of 
the two should show whether the assumption made is justified. In 
any case the experiments will show the actual loss at the slit, and this 
will be of value as indicating the direction in which improvement may 
be reached. 

Three stars were used in this test Vega, Capella, and 7 Cygni, and 
the spectra were made of the usual width, the greatest ix)ssible care 
being taken to insure uniform exposure over that width in order that 
they could be accurately compared. The exposures were so regulated 
as to obtain as nearly as possible equal intensity. Thus, neglecting 
plate factors which, within the limits of exix)sure time and intensity 
used, will not appreciably affect the result, a direct estimate of the 
percentage of light transmitted is obtained. The mean of a numlxT 
of tests gives figures according to Table V; the seeing during these 
tests being slightly above the average. 

In the following table the fourth column gives the observed times for 
equal intensities of spectrum while the fifth is the same with a correc- 
tion for diffractional losses in the collimator with the narrower slit- 
widths. The sixth column is computed on the basis of Xcwall's 
hypothesis for a tremor-disk 5" diameter with a core of 2". The 
computed percentages are slightly higher than the observed, indicating 
that the actual image is probably somewhat larger tlian the dimin- 
sions chosen for the computed one. It must be rememix red, however, 
that these figures are approximate only, the nature of the test not 
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TABLE V 
Slit-Transmission 



Slit-Width 



Div. 



Linear 



Angular 



Comparative Times for Eql al 
Intensity of Spkctrim 



Ob^ncd Elimma,i,« c.,n,pu.cd 



>.o25 mm I 

•050 I 
.07s 

. 100 I 

•125 

•150 I 
.200 



91 

.82 

•73 
.64 

■55 
•45 
■27 



100 
40 
27 
25 
23 
23 
23 



100 
50 
35 
32 
29 

29 
29 



100 
54 
39 
34 
31 
31 
31 



permitting determinations closer than 5 per cent. Moreover, a change 
in the steadiness of the air would change the observed figures very 
considerably, the efTect of poorer seeing being to increase the diameter 
of the tremor-disk and core and consequently diminish the slit-trans- 
mission. 

All the exiKTimcnts on the diameter of images, widths of trails and 
spectra, and loss of light at the slit, indicate a form of star image 
which is of about the same dimensions and character as that sup- 
posed by Newall, and we may with confidence consider that the 
actual effective image of a star on the slit-plate is very much larger 
than has generally Ix^en sui)posed. Moreover, as the zonal tests have 
shown that the condensing system is free from aberration and the 
image almost perfect, the enlargement must ht due to atmospheric 
disturbance of the wave-fronts and cannot be overcome by any 
oj)ticaI system. It is evident, however, from the similar tests in the 
I)revious pa])er where less than 20 per cent, of the incident star light 
was transmitted by a 0.025 mm slit, that an optical system free from 
aberration is necessary for the most efficient jxTformance. Even 
with such a system, however, only 30 per cent., or less, of the light 
collected by a 15-inch objective, can be transmitted by a 0.025 mm 
slit. This ditficulty is much more serious with objectives of longer 
focus, as the image is probably enlarged proportionally. Indeed, 
Wright's tests' show that the Mills spectrograph makes use of only 
about 12 i)er cent, of the light collected by the 36-inch telescope, and 

> Publications of Lick Obscnutory, 9, Part 3. 



STAR IMAGE IN SPECTROGRAPH IC WORK 151 

this in the iinequaled atmospheric conditions of Mt. Hamilton. Part 
of the advantage of increase of aperture is thus lost by the consequent 
increase in the effective diameter of the image. The only means of 
diminishing this loss lies in using wider slits in our spectrographs. 
For example, a slit 0.05 mm wide with the 15-inch objective would 
transmit about 55 per cent, of the incident light, while a slit 0.075 ^^ 
wide, nearly 80 per cent. Unfortunately, wider slits mean diminished 
purity and loss of accuracy, although, as some experiments here have 
shown, the probable error of radial velocity determinations in stars of 
early types by no means increases proportionately with the increase 
of slit-width. These results also indicate the importance of usmg as 
large a collimator aperture as is consistent with homogeneous prisms, 
the consequent longer focus allowing mcreased slit-width with equal 
purity. The question of spectrograph design is, however, beyond 
the scope of the present paper, although I hope to publish shortly 
some experimental results bearing on this question. 

I wish to express in conclusion my indebtedness to the Director, 
Dr. W. F. King, for his hearty and helpful co-operation in this work. 

Dominion Observatory, Ottawa 
December 1907J 



ON THE SPECTRUM OF CALCIUM 

By JAMES BARNES 

The study of the conditions which produce changes in the intensity 
and distribution of light in spectrum lines has direct application to 
astrophysical problems. In some former work' on the spectrum of 
magnesium the author found that a reduction of the pressure of the 
gas surrounding the arc influenced the intensity of many of the lines, 
when other conditions, such as the strength of the current, were kept 
constant. The intensity of the remarkable line X 4481 produced in 
the arc in air or hydrogen at low pressures is constant for changes of 
current-strength from 0.5 to 7.5 amperes. Hartmann' showed 
that this line, produced in the same way but surrounded by air at 
atmospheric pressure, rapidly increases its intensity when the current 
is diminished through the above range. 

Since calcium is a very important element in solar and stellar 
phenomena, and as a quantity of it can now be obtained in the metallic 
slate at a reasonable price, easily turned into electrodes, and the arc 
made and remade even in air with small currents with much less 
difficulty than with magnesium, a continuation of the former observa- 
tions, using calcium metal in place of magnesium, was an object of 
this report. At the same time the interesting pajx^rs of Humphreys^ 
and of Koncn and Hagenbach-' on double reversals suggested an 
attempt Ix' made to obtain the conditions which shall produce in a 
terrestrial source the double reversals of the H and K lines. These 
lines, I Ix'lieve, generally appear doubly reversed in the spectrum of 
the e:un's disk, which is usually explained by the existence of a luminous 
layer of calcium vapor in llie chromosphere at a higher temperature 
than the layers above and below it. Finally it was expected that the 
arc Ixtween elcctrocks of pure metallic calcium burning in almost a 
vacuum would ])robably i)e the best condition for the appearance of 
new lines. 

' Aslrnphy^ical Journdl, 21, 74, igo5. 

' Sifzjoiqshcn'rJite dcr K. Prciiss. AkuJ. dcr \V isscuschajtcny 12, i, 1903 

3 Astrop}i\"<ic(il Joiiruid, 18, 204, igov -^ Ibid.y 19, in, 1904. 
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The work was carried out with the following apparatus : A Row- 
land concave grating of six feet radius was used. Photographs were 
taken only in the first-ordet spectrum because the grating was very 
bright in this order, and also for the reason as pointed out by Hum- 
phreys, that it is possible to obtain false double reversals by the 
superposition of a sharp line of one order upon the reversal of another 
line of another order. Using the fir^t order it is impossible for any 
of the ultra-violet lines of the second order to give such results in the 
case of any of the calcium lines considered. 

The electrodes of metallic calcium were made about one cm in 
diameter and were mounted in an ordinary hand regulator for the 
work at atmospheric pressure. The time of exposure varied from 
half an hour to a fraction of a minute, depending on the strength of 
the current. During the long exposures necessitated by the small 
currents, the small number of times the arc required to be remade 
was very gratifying. When the arc is made a large number of times, 
as is required in the case of magnesium, conditions which approach 
those existing in the spark must certainly be produced. 

For the observations at low pressures the electrodes were mounted 
in a large brass vessel of about 16,000 cc capacity, built specially 
for this purpose. It contained a long side tube closed by a quartz 
plate through which the radiation passed to the slit. There was also 
an air-tight arrangement for adjusting from without the distance 
between the electrodes. This vessel was exhausted by a Geryk 
pump and the pressure could easily be kept constant at one cm of 
mercury during the longest exposure. 

The current was obtained from the college iio-volt circuit, and 
its strength varied by resistances consisting of incandescent lamps 
and iron rheostats. 

CURRENT- STRENGTH AND PRESSURE EFFECTS 

A systematic series of photographs of the arc in air at atmospheric 
pressure was taken. They show no remarkable changes in the inten- 
sities of the lines when the current is varied from 0.5 to 20 amperes. 
The first line to reverse is X 4226.9, which occurs when the current- 
strength is only about one ampere. The K line reverses next and 
then the H line. These take place when the current is about 3 
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amperes. With heavier currents most of the lines are of course 
broadened and reversed. The lines XX 4685.4 and 4355.4 were 
never obtained reversed. The two spark lines XX 3737 . i and 3706 . 2, 
which are very strong in the spark spectrum, appear in the arc spec- 
trum and are somewhat stronger when the current is small. They 
are however not increased in intensity when the arc is in a vacuum. 

The variations which do occur in the intensities of the lines in 
the arcs of 0.5 and 20 amperes are generally toward an increase 
with decrease of current. Hale and Adams' attribute this to the 
temperature variation, but it seems from the following observations 
that the density of the surrounding vapor must play a role. With the 
arc in a vacuum plates were taken for current-strengths from 0.5 to 
12 amperes. The only line that ever appeared reversed was X 4226.9 
and this only at the larger currents. At 12 amperes the H and K 
lines are no broader or brighter than at one ampere. Plate X, Fig. i, 
shows how clearly these lines are defined in the arc of 12 amperes 
in a vacuum. The simplest explanation which will account for these 
observations is that the line X 4226.9 is characteristic of calcium 
vapor when it is dense, while the H and K lines are characteristic of 
the rarer vapor. If this is the case the intensity of X 4226.9 would 
be very large in the immediate vicinity of the metallic poles, the 
cooler and rarer enveIo])ing vapor producing the reversal of this line 
and at the same time giving the H and K lines sharp and bright. 
The conditions are somewhat similar to those existing on the sun. 
There we have the H and K lines as the most prominent in the 
spectrum of the higlier layers of the chromosphere, while that of the 
photosphere and chromosi)here combined, as given by the sun's disc, 
contains X 4226.9 as very strong. 

The density hypothesis is not a new one. Sir William and Lady 
Huggins found that as they diminished the amount of calcium chloride 
added to a spark between ])lalinum and iron electrodes, all the lines 
grachially (lisapi)eared leaving at last only the H and K lines. They 
account for their results as a density elTect. 

When, however, we consider such remarkable changes as occur in 
the intensity of the magnesium line X 4481 with varying amounts of 
current, the explanation that it is due to temperature or density 

» Aslrophysical Journal^ 25, 75, 1907. 
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changes is hardly sufficient, and the suggestion first made by Liveing 
and Dewar, and developed by Hartmann and Crew, that the cause is 
electrical in nature, electro-luminescence, seems to have the most 
weight. 

In calcium no lines were found to show such remarkable varia- 
tions as this magnesium line. The two lines XX 5189.0 and 4355.4, 
especially the first, appear to increase their intensity as the current is 
raised from 0.5 to 5.0 amperes. The line X 5270.4 remains prac- 
tically constant in intensity, while the line X 5189.0 more than doubles 
its intensity for this range of current-strength. 

NEW LINES 

The new lines found by Saunders,' namely, the triplets beginning 
at XX 3876. 2 and 3754.2, which were obtained with an arc between 
copper poles moistened with calcium chloride, and which he says are 
faint and difi'use, appear very clearly and arc quite sharp on the plates 
of the arc in a vacuum at 12 amperes. The triplet beginning at 
X 3678 . 5 is somewhat diffuse on my plates. Arrangements are now 
being made to have the wave-lengths of these lines accurately meas- 
ured by means of a comparison spectrum of iron. 

The line X 3653 . 6, which Kayser and Runge* give with the same 
intensity as X 3706.2, does not appear on any of my plates. 

It may be interesting to note that the only impurity in the calcium 
metal was a small trace of magnesium. 

DOUBLE REVERSALS 

In addition to the large numlx^r of plates taken with the arc in a 
vertical position, i. e., with the discharge perpendicular to the line 
joining the slit and the arc, others were taken with a right-angled arc. 
In some cases the positive pole pointed toward the slit, in other cases 
the negative. It was thought that if double reversals are possible in 
laboratory sources the right-angled arc with its positive pole facing 
the slit would be the best method for obtaining it. It somewhat fulfils 
the conditions existing on the sun. for around the positive pole we 
have a large mass of dense luminous vapor surrounded by rarer 
vapor driven off from the negative pole. It was hoped that the 

" AstrophysicalJournalj 21, 195, 1905. 

» Ahhandlungen der K. Preuss. Akad. der Wisscnschajten^ 1891. 
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radiation from this rarer vapor, whether due to temperature or to 
electrical causes, would be large in intensity. Apparently it was not, 
for on a careful scrutiny of all the plates obtained with the vertical 
and right-angled arcs at atmospheric and lower pressures, with large 
and small currents, not a true double reversal was found. 

The lines of the triplet XX 4456 .81, 4456 . 08, 4454 . 97 show multiple 
reversal, which is due to the superposition of the first line upon re- 
versals of the last two. The doublet XX 4435.86, 4435.15 gives a 
splendid illustration of a false double reversal, and is explained in 
the same way. These reversals are shown in Fig. 2. This is a print 
from an enlarged positive of the original negative and is therefore a 
negative ; the light portions indicating the reversals. 

The distribution of light in the lines produced by the right-angled 
arc with the positive pole facing the slit as shown in Fig. 3, a, is quite 
different from that produced when the poles are reversed as in Fig. 3, b. 
In the first instance (a) the reversals arc narrow and sharp, while in 
the other (b) they are broad with very poorly defined edges. When 
such a difference exists, which depends merely on the orientation of 
the arc with regard to the slit, the other conditions, such as the 
current -strength and mean density of the vapor, remaining practically 
constant, any deductions as to the conditions which exist in sun-spots 
or faculae from observations upon variations in intensity of arc spectra 
obtained in the laboratory should include this observation. 

An attempt was made to obtain a true double reversal with the 
calcium arc by the method used by Konen and Hagenbach,' when 
they obtained a multiple reversal of the line X 2852.25 of magnesium. 
The method consisted in taking a plate of very short exposure of the 
arc when it is quickly remade after Ix^ing extinguished, just as it was 
on the point of burning. The attempt was not successful. 

It may be interesting to note that double reversals can be obtained 
by exposing the plate first to the arc under heavy currents and then 
to the same arc under a small current, the result being a composition 
of a reversal and a bright line. The result is the same as that obtained 
by Humphreys by placing a small quantity of metallic silver in the 
arc and exposing the plate long enough to get the effect of both the 
reversal and the sharp line when the vapor becomes rare. 

» I.ac. cit. 



ON THE SPECTRUM OF CALCIUM 157 

Thus, in conclusion, a true double reversal of any of the calcium 
lines in a laboratory source has not been found. The current-strength 
was never raised above 20 amperes, and the appearance of the lines 
with this current in no way indicates that double or multiple reversals 
would appear with heavier currents. 

Bryn Mawr College 
January 1908 
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THE SPECTRA OF ALKALIES' 

In his dissertation, Contributions to the Knowledge of the Infra-red 
Emission Spectra 0} the Alkalies (Jena, 1907), Mr. Amo Bergmann 
published his discovery of a new series in the infra-red portion of the 
spectra of potassium, rubidium, and caesium, so that in each of these 
spectra four scries are now known. Between these recently discovered 
series and the first subordinate scries there exists a relation similar 
to that between the principal and the second subordinate scries. If 
we represent by £, and E^ the oscillation frequencies of the termina- 
tion for both lines of the pairs of the subordinate series, and by E 
the oscillation frequency at the termination of the new- series, the dif- 
ferences E^—E and E^—E give very closely the oscillation frequency 
of the first pair of lines of the first subordinate series. 



Knd of the subordinate series \ Ex 
as computed by W. Ritz* ) E^ 

End of the new series as com- J p 
puted 1)}' A. Bergmann } 



Distance between the ends Ki — E 



E,-E 



Oscillation fretjuencies of the pair ( 
of lines of greatest wave-length in 
the tlrst suijordinale series | 



Potassium 


Ruliidium 


Caesium 


2I,g()8.3 


20,877.3 


19,674.8 


22,024.3 


21,115-3 


20,227.5 


13,482.4 


14,344-4 


\ E' 16,791.9 
■/ £"16,887.7 
£ 16,8^9 8 
Mean of £' and E" 


8,4^5 -9 


^532. 9 


2,«35-o 


8,541-9 


1 ^770-9 


3^387 -7 


8,!;o2.o 


6,489.3 


2,642.3 


8,503.1 


^743- 1 


3>i93-5 


Observed by 


Bergmann 


Not oljserved, but 
extrapolated 
from the .series 
formulae of Ritz, 
computed by 






Bergmann 



*.'ln»kj/f« dcr riiyiik, 12, 2^5, lyoj. 

The series in the caesium spectrum consists of pairs of lines, and 
Mr. Bergmann slates that in terms of oscillation frequency the two 

» Tran>hited from advance i>roofs communicated by the author. 
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lines of all pairs are equidistant. I should expect that they would 
draw together toward the end of the series similarly to the pairs of 
lines of the principal series. More exact investigations may show if 
this can be the case. The series of potassium and rubidium, also, 
probably consist of pairs of lines, as Mr. Bergmann remarks. They 
must be so much closer than the caesium pairs, however, corresponding 
with the smaller atomic weight of potassium and rubidium, that the 
dispersion employed hitherto doubtless could not separate them. 

If it should be confirmed that the pairs of lines draw together 
toward the end of the series, I should further suspect that the first 
subordinate series is connected with the new series in the same manner 
as the principal series with the second subordinate series. Expressed 
in the form which W. Ritz has given to the series formulae we should 
then have : 
First subordinate series : | _ j /(2, a,, /?,) — /(w, a, )9) ( _ 

Oscillation frequency f ~ I /(2, a„ ^,)-/(«, a, )8) f "^"^^ '^^ 5' ' 

New series: Oscillation ) __ j7(3, S P) — j{n, a,, )8,) ) _ 

frequency i 1/(3, «, i9)-/(«, a„ p.) T'-^^^^S, , 

where 



("+" + «0' 



The new series would therefore give, for w = 2, the oscillation 
frequency of the principal term of the first subordinate series, only with 
the negative sign, just as the second subordinate series, for the lowest 
value of w, gives the oscillation frequencies of the principal term of the 
principal series also with the negative sign. 

In order to confirm these suppositions, we must wait to be sure for 
more accurate measures of the infra-red lines. The extrapolation of 
the formulae toward the side of the smaller values of n leaves so much 
leeway that we cannot state anything with certainty. 

Nevertheless, this much is certain, that the new series bears a close 
relation to the first subordinate series, and that the four series in each 
of the observed spectra group themselves in pairs. There is a certain 
symmetry as in reflection, in the circumstance that the principal series 
ends at a higher oscillation frequency than the subordinate series, 
while the new series, on the contrary, ends at lower oscillation fre- 
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qucncy; and that the principal term for the one series-pair belongs 
to the principal series, for the other to the first subordinate series. 

Carl Runge 

GOTTINCEN 

December 1907 

7) VIRGINIS' 

Forty-three measurable negatives of this star were obtained between 
February 22 and July 5, 1907. The first thirty-two negatives were 
made with the universal spectroscope as adapted for radial-velocity 
work, the dispersion at//7 (X4340) being 18.6 tenth-meters per mm. 
Some five or six were made with the new three-prism spectrograph, 
whose linear dispersion at X 4415 is 11 . i tenth-meters per mm. The 
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DAYS. 
Velocity-curve of t\ Virginis. 

balance were made with the new single-prism spectrograph whose 
linear dispersion at X 4415 is about 32.4 tenth-meters per mm. 

In September the last of the plates were measured and approximate 
values of the elements were obtained from the oscillation curve. Some 
of the larger residuals are probably due to the low dispersion, as it 
does not permit of the resolution of the spectral lines of the two com- 
ponents unless they difl'er in velocity by about 70 km per second. In 
cases where there was not this^ difference in velocity the center of 
intensity of the line would be shifted and an error would, consequently, 

' Communicated by permission of the Chief Astronomer. 
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be introduced in the setting. Then, too, there were certain gaps in 
the curve and, taking all things into consideration, it was felt that 
more spectrograms would have to be secured before a rigid deter- 
mination of the elements could be made. 

The appearance of Naozo Ichinohc's article in the November 
number of the Astrophysical Journal and the marked similarity of 
the oscillation curve there given to that obtained here decided us to 
review the data already secured. Some of the plates where the veloci- 
ties for the different lines were not in good agreement with one another 
were re-measured, and a new determination of the elements was made. 
These differed very slightly from the former determinations; the 
period of 71^9 was accepted instead of my former value of 71^7. 

The following are the elements for the brighter component, which 
should be regarded as provisional only : 

P=7i.9 days. 
e=o.4o. 

ctf = i85° measured from ascending node. 
Velocity of system = + 2.2 km per sec. 
r=J. D. 2,417,643.50. 
a sin ^ = 25,750,000 km. 



W. E. Harper 



Dominion Astronomical Observatory 

Ottawa, Canada 

January 1908 



SPECTROSCOPIC BINARIES UNDER OBSERVATION AT 
DIFFERENT INSTITUTIONS 

With a view to assist in the avoidance of unnecessary duplication 
of obser\'ations of spectroscopic binaries, the following letter was 
recently addressed to the spectrographic observers at the princii)al 
observatories doing this kind of work. The replies arc given in the 
order in which they were received. It would seem that these lists 
should be of ser\''ice as observers'are enlarging their programmes. This 
Journal will be glad to publish any additional data which observers 
may care to contribute at present or in future for the purpose. 

Edwin B. Frost 
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Yerkes Observatory, September i6, 1907 

Dear Sir: In the present state of research on the radial velocities of stars, 
so much remains to be done that it seems important to avoid duplication of work 
in certain directions, and to secure instead co-operation where feasible. Refer- 
ring at present only to spectroscopic binaries, it is a matter of common experience 
that a large number of plates is often required before the period can be determined. 
This is likely to be wasteful of time, as the same phase may frequently be duplicated 
and needed phases may not be secured. Now it is decidedly unfortunate to have 
two different observers unwittingly enter upon the investigation of the spectro- 
scopic orbit of the same star, while so many binaries remain almost untouched.' 
It has, for instance, lately come to my knowledge that an American observer, in 
starting upon radial velocity work, selected a spectroscopic binary for investigation 
which has been for a long time under observation by a European astronomer, who 
had nearly completed his determination of the orbit. The American had no 
means of knowing, however, that the investigation of that particular star had 
been undertaken in Europe. An unnecessary number of plates has thus accumu- 
lated, which could far better have been obtained for two different stars, as the 
orbit by either obser\ er would doubtless be amply accurate for present needs. 

The remedy that I would suggest is that obser\'ers beginning systematic obser- 
vations of particular stars to get data for determining their spectroscopic orbits 
should in some manner communicate the fact to their fellow-workers in this field. 
The Astro physical Journal might appropriately be made the medium for such 
inter-communications. 

A second important advantage of this plan, if adopted, would doubtless soon 
be apparent. Obser\'ers who had casual spectrograms of a star stated to be under 
investigation by some other astronomer would doubtless be glad to communicate 
their results promptly, either by publication or privately, so that the investigation 
might be greatly expedited, the period determined much more accurately, and 
obser\'ations at important phases obtained which otherwise might not be utilized. 

I would therefore inquire if you would care to communicate to the Astro- 
physical Journal a statement of the spectroscopic binaries now^ under investigation 
at your observatory or likely to be taken up within the next year. I shall of course 
be glad to make a statement of this sort for the Yerkes Observatory. 

Very truly yours, 

Edwin B. Frost 

Harvard College Observatory, September 21, 1907 
The only sj)ectroscopic binaries likely to be investigated at the Har\-ard College 
Observatory arc those of Class .\, in which both components are bright. They 
have been photographed here for many years, and the plates obtained will permit 
a very precise determination of their periods. No investigations of spectroscopic 
binaries of Class B, in which only one comjx^nent is bright, are contemplated here 
at present. Edward C. Pickering 

» It is y)r<)h;ible that orlMial investigations have been made for not over one-fifth 
of the spcctrobropic binaries at prcstMit known. 
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Mount Hamilton, September 23, 1907 
The orbits of the following spectroscopic binary stars are under investigation 
at the Lick Observatory: 

a Ursae Minoris (Polaris) SU Cygni 

S Cepkei U Aquilae 

X SagiUarii S Sagittae 

/3 Capricorni R Lyrae 

/3 Hercidis I Carinae 

K Pegasi 

It is not our purpose to undertake investigations of spectroscopic binary stars 
discovered at other observatories except in case of a variable star which may be 
necessary to round out researches that we have undertaken on other related vari- 
able stars. 

W. W. Campbell 

Dominion Observatory, Ottawa, September 27, 1907 

Binaries of which several plates have been measured: 

Andromedae Aquilae 

17 Virginis a Coronac Borealis 

ri Bootis T Tauri 

i Ononis B.D. — i°i 004 

^ Orionis c Herculis ) ^ 

^ . . . ^ -I r Not many of these 

p Ononis Aquilae ) ^ 

7 Geminorum 

A few plates only: 

17 Geminorum d Bootis Leon is 

Proposed for the next year. 

k Draconis « Ursae Minoris 

J. S. Plaskktt 

PouLKOVo, October 3, 1907 
(Extract) 
I am quite in accord with your suggestion that the spectroscopic binaries 
should be distributed among the different observatories; but I do not expect to 
be able to accomplish much in this direction under our climatic conditions. I 
might perhaps observe the brighter stars, not fainter than the fifth magnitude, 
such as: 

3 Cephei 5 Orionis 

f Geminorum 4 Pegasi 

X Tauri v Pegasi 

V Aquilae etc. 
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We lack a suitable spectrograph, or rather a thermostat, for observing stars 
fainter than magnitude 4^. In any case I shall be glad to take part in this work 
as far as possible. 

I inclose a small list of our plates of such stars which have not yet been 
measured: 




From 1893 to 1907 (March) 2347 spectrograms have been obtained at Poulkovo, 
of which about 1200 have been measured and reduced, leaving iioo which are 
not yet worked up. A. Belopoi-SKY 

Potsdam, October 7, 1907 
(Extract) 

I am glad to communicate my list of stars. I have thoroughly worked up: 
Polaris, /3 Pcrseij a CoroftaCy S Ononis. 

I have similarly followed a few other stars, but just now will refrain from 
making out a complete list, as I shall very soon refer to the matter more fully. 

It would not 1)6 a mi^ortunc at present, when spectrographic measurements 
are in the stage of development, to have the same piece of work carried out by 
several observers. We thus obtain a good check on the absolute correctness of 
the results. J. Hartmann 

Royal Observatory, Cape of Good Hope, October 31, 1907 
I heartily concur with your letter of September 17 as regards the undesirability 
of duplication of work in determining the orbits of spectroscopic binaries while 
so much remains to be done. 

The study of these binaries has not hitherto formed part of our programme. 
I inclose, however, a list of stars of which we already have spectrograms and am 
quite willing that this should be published as you suggest. This list is subdivided 
under two headings, the first group containing those stars with spectra suitable 
for accurate line-of-sight determinations, the second those with lines too diffuse 
for exact measurement or in other ways unsuitable. 

The list, which will also form the basis of our programme for the next year, 
has been prepared with a view tr) the determination of radial velocities, and more 
especially the ejM^chs of observations have been selected so as to furnish as strong 
a determination as ]K)Ssil)le of the Solar Parallax. 
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For these purposes any infonnation relating to the orbital velocities of such 
binaries as may be included in the list would be of the highest value to us, and in 
return for the same I should be happy to place at the disposal of other observers, 
in advance of publication, any information which I am able to furnish regarding 
special stars contained in the list for which I may receive application. 

S. S. Hough 

Stars of Which Spectrograms Have Been Already Secured at the Cape 
Bright Stars Suitable for Velocity Determinations 
a Argus /3 Geminorum 

t Argus 7 Geminorum 

a Arietis /3 Gruis 

a Bootis a Hydrae 

a Cants Majoris a Orionis 

i Canis Majoris a Phocfiicis 

a Canis Minoris ' a Scorpii 

ttj Ceniauri € Scorpii 

a I Centaur i a Tauri 

7 Crucis a Trianguli Australis 

Bright Stars Unsuitable for Velocity Determinations 

7 Argus € S a git tar a 

S Capricorni 5 Scorpii 

P Cen tauri B Scorpii 

a Eridani X Scorpii 

P Leonis a ]'irginis 

c Orionis /3 Argus 

a Piscis Australis € Argus 

Allegheny Observatory, December 16, 1907 
(Extract) 

I had not intended to let so long a time go by without complying with youi 
circular request for our obser\'ing list of binaries. As you already know, T am 
heartily in favor of the proposal, and I look forward to seeing the programmes of 
other observers with much interest. I do not think it would much harm if 
several typical orbits were duplicated, however, and for this reason I intend to 
finish those stars that we have already well under way. In the case of other stars 
I will be glad to fumLsh velocities to other observers where they may be needed. 

Our observing list includes (i) all the Algol variables thai are within our 

reach: 

/3 Persci V Ophiuchi 

X Tatiri U Sagittac 

R Canis Majoris ^ Lyrae 

S Librae 
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and as many more as experience may indicate that we can profitably attack; 
(2) binaries whose spectra are such that they may best be observed with low 
dispersion: 

a Andromedae « Herculis 

V Andromedae 5 Aquilae 
€ Ursae Majoris B Aquilae 
a Virginis 6 Lacertae 

a Coronae Borealis Andromedae 

Needless to say we shall add to this list from time to time. 

Frank Schlesinger 

Lowell Observatory, January 12, 1908 
In response to your circular letter suggesting to radial -velocity obser\'ers a 
system of intercommunication which should advance the study of the orbits of 
spectroscopic binary stars and at the same time should avoid the present unneces- 
sary duplication of observations, I am glad to submit the following list of such 
stars which we are observing here with a view to determining their orbits: 
o Librae X Scorpii 

/3 Scorpii S Capricorni 

<T Scorpii € Capricorni 

We had been observing also a Andromedae as opportunity afforded and have 
a fair series of plates,^ but inasmuch as a provisional orbit has now been deter- 
mined for this star — by Dr, Ludendorflf, at Potsdam (A. N.y 4220) — we shall 
want to give the time to other stars. It is to be hoped all velocity observers will 
respond to your proix)sal in order that all may work more efficiently. To provide 
some system for the newly discovered star would it not be well for any observer 
wishing to undertake the orbit to communicate with the discoverer ? 

V. M. Slipher 

Yerkes Observatory, January 20, 1908 
The list of spectroscopic binaries now under especial observation here is as 
follows. We should ordinarily include on our programme only such stars as were 
detected here. 

I J Ceil /3 Lyrae 

5 Ceii €^ Lyrae 

V Eridani r Cygtii 
g Cantelopardi /3 Eqmdci 

ir5 Orionis f Ursac Majoris^ seq. 

fj. Orionis Ale or 

The last h\G have recently been detected here. 

Edwix B. Frost 

' The measures of those i»latcs will be coni[ileted and made public in the near future 
only in case they arc wished for use in investigating the orbit. 
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Observatory, Cambridge, Februar>% 1908 
Our work during the last two years has been more concentrated on solar work 
than on stellar observations. The four-prism stellar spectrograph is dismounted, 
and no new material suitable for exact determinations of velocity has been collected. 
Experiments are now being carried out with a grating spectrograph in photograph- 
ing the red end of star spectra. I intend to carry these through before fitting the 
four-prism spectrograph with some form of temperature control. 

Meanwhile, as for binaries, we have measurements of the following, for dis- 
cussion : 

a Cams Majoris i* Hercidis 

o Canis Minoris aj and a, Geminorum 

H. F. Xewall- 

Boxy, February 8, 1908 
Extended series of observations of spectroscopic binaries for the purpose of 
accurate orbital determinations have been made here recently only of a Aurigae 
and 1 Pegasi. The results of these investigations wnll be published presently. 
Isolated spectrograms have been made here, however, of a large number of 
spectroscopic binaries. I cite the following, with the number of plates of each 
star: 

a Ursae Minoris 5 x Draconis 5 

/ Tauri 3 31 Cygni 4 

;* Ursae Majoris 5 c Cygni 6 

17 Boo lis 6 i" Cygni 4 

/3 Hercidis 5 f Cephei 4 

f Herculis 5 17 Pegasi 4 

X Andromedae 4 

These plates have been already measured and reduced. I hope to be able 
to publish the results in the not distant future, in connection with an extensive 
series of radial velocities which we have determined at Bonn during the last four 
years. 

F. KUSTXER 

Harvard College Observatory, January 31, 1908 
The compilation, by Professor Frost, of current observations of spectroscopic 
binaries suggests many important investigations, some of which are proposed 
below: 

1. In the case of variable stars, especially those of short period, photometric 
observations should be made, as nearly as possible at the same time as the spectra 
are photographed. The Harvard Observatory is ready to undertake such obser- 
vations if notified when the photographs are likely to be made. 

2. There are several stars, like S Monocerotis and Y Aquihie, whose varia- 
bility has been announced and confirmed, and whose designations have l)ecn 
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assigned to them as variables, but which show no variation at the present time, 
from careful measurements. (See Harvard Annals ^ 55, 69.) It is possible that 
these may be Algol-stairs of long period, or may have a period of almost exactly 
one or more days. Such a variation could not now readily be determined photo- 
metrically. These stars prove to be spectroscopic binaries, and photographs of 
their spectra, taken at any time, should show when the relative motion is zero, 
and when an eclipse or diminution in light is, therefore, probable. 

3. The spectroscopic binaries V Puppis and A^' Scorpii have a range of motion 
of several hundred kilometers. Therefore, the exact form of their orbits should 
be determinable with a high degree of precision. 

4. The star f Ursae Majoris (Mizar) is bright enough to be photographed 
with small instruments. A study of its variations with a slit -spectroscope would 
have great value. A large number of early photographs, taken at Harvard with 
an objective-prism, showed marked irregularities. No similar irregularities 
appeared in the photographs of /3 Auri^ae, the only other star of this class then 
known. The investigation was abandoned owing to the difficulty when an 
objective-prism is used in distinguishing between a true doubling and that due 
to a change in focus of the principal telescope. 

Edward C. Pickering 

Potsdam, February 26, 1908 
{Kxtract) 
Professor Evershed and I are at present making extended series of observa- 
tions with Si)ectrograph IV attached to the 32.5-cm refractor of the following 
spectroscopic binaries: 

a Andromedae /3 Ursac Majoris 

fi Arietis c Ursae Majoris 

€ A urigae a> Ursae Majoris 

7 Geminonim 5 Aquilae 

With a few exceptions I have measured all the plates so far obtained of these 
stars. Elements of the orbit of /3 Arietis I have already published, and I shall 
probably soon be able to communicate preliminary elements for 7 Geniinorum. 
The series of observations of a Andromedae and < Ursae Majoris presumably can 
soon be concluded. Although we have already obtained 60 plates of e Aurigae, 
the star needs to be followed longer. This is also true of /3 Ursae Majoris^ qj Ursae 
Majiyris^ and 5 Aquilae; of the last two we so far have only a few plates. 

H. LUDENDORFF 
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THE PHOTOGRAPHIC DETERMINATION OF STAR- 
COLORS AND THEIR RELATION TO 
SPECTRAL TYPE 

By J. A. PARKHURST and F. C JORDAN 

It has long been recognized that eye estimates form a very unsatis- 
factory method of determining star-colors, and an urgent need has 
been felt of some means of accurate measurement. The plan we 
are following seems to supply that need, and also aids in the solution 
of two very interesting problems. First, it enables us to co-ordinate 
visual and photographic magnitudes, thus allowing us to use as 
standards the visual magnitudes of the white stars from the best 
modern photometric catalogues, and at the same time avoid many 
of the inherent difficulties and systematic errors of visual measures 
of colored stars. Second, important data are added for the study of 
stellar evolution, since the relation of color to the stages of stellar 
development is very close and capable of quite precise determination. 

Our method is based on a suggestion first made (as far as we are 
aware) by Schwarzschild, that the difference between the visual 
magnitude of a star and that obtained from ordinary |)hotogra|)hic 
plates, would give an accurate measure of the star's color. He called 
this difference the ''Farbentonung."' Our addition consists in deter- 
mining the ** visual'* magnitudes also by photographic means and 
making both determinations practically simultaneous. With this in 
view, pairs of ordinary and isochromatic plates were taken regu- 

^ Sitzungsberichte der kaiserl. Akadcmie der Wissoischajten in Wicu. Mathcnt.- 
fiaturw. ClassCj 109, 11 27, 1900. 

i6g 
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larly from 1904 to 1906 with the 24-inch reflecting telescope of this 
observatory, and a method was suggested of deri\dng the "\dsual" 
magnitudes from the isochromatic plates/ 

In 1906, Mr. R. J. Wallace, of this observatory, prepared a "visual 
luminosity filter" which greatly increased the convenience and accuracy 
of the w^ork, for by using it on the reflecting telescope with properly 
sensitized plates it is true to its name and gives visual magnitudes of 
colored stars without any correction. 

A striking example of the advantages of this filter is shown in 
Plate XI, Figs, i and 2, giving the field around the red star U Cygni. 
These figures are reproduced by permission from Mr. Wallace's 
paper* in which he describes in detail the method of preparing the 
filter. Fig. I shows the red star (identified by the two short lines) 
very faint, while Fig. 2, taken with the bathed plate and filter, shows 
it about equal to the neighboring solar-type star which is B.D. 
+47^3078. On the evening we took these plates, October 3, 1906, 
visual comparisons were made of these two stars by Jordan, Wallace, 
and Parkhurst, with a low-power ocular on the 24-inch reflector, and 
all agreed in considering them about equal. On the Seed plate, 
however, the red star is 4.0 magnitudes fainter than its neighbor. 
We find, therefore, that the combination of filter, Cramer Trichromatic 
plate, and reflecting telescope gives visual magnitudes for stars as red 
as U Cygni, whose color is given as 9.3 on Chandler's decimal scale. 
It will be shown later that stars of less intense color are also properly 
represented. 

Fig. 4 (drawn from the data in Mr. Wallace's paper) shows the 
curves of sensitiveness to daylight of the Seed and Trichromatic plates, 
the former without, the latter with, the filter. The point of maximum 
sensitiveness of the Trichromatic plate is near X 5550, but the lower 
part of the curve extends farther toward the blue than the red, so 
that the center of gravity of the curve is at X 5325. The center of 
gravity of the curve for the Seed plate is at X 4275. These curves 
exphiin in a very satisfactory manner the reason why the red star 
appears in its true brightness on the Trichromatic plate. It is evident 
that a star whose maximum radiation is in the blue or violet will give 

» Science, 21, 417, 1905. 

^ Astrophyskdl Jounuil, 24, 269, 1906. 



PLATE XI 




Fig. I. — On Seed "27'* plate, without filler. Fir,. 2. — On Cramer ''Trichromatic,'* with fihcr 
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a stronger image on the Seed plate, while one whose maximum is in 
the yellow or red will appear stronger on the Trichromatic plate. The 
more intense the color of the star, the greater will be the difference of 
magnitude on the two plates, thus giving a measure of color-intensity 
as accurate as the measure of magnitude. 
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Fig. 4. — Spectral Intensity-Curves. 
Seed, and Trichromatic with Filter, 

The magnitudes are obtained from these plates by measuring the 
disk-diameters under the microscope and reducing by means of the 
formula : 

Mag.=a-6V^, 
where D is the disk-diameter, a is a constant for each plate depending 
on the exposure, while h depends on the emulsion, and the conditions 
of development which are kept constant in agent, time, and tempera- 
ture. With the standard development, ten minutes in hydroquinone 
at 20° C, the value of h was found to be o. 94 for the Seed and 0.77 for 
the Trichromatic and Pan-iso plates, when the unit of diameter is 
o.ooi mm. These values were obtained from the Potsdam magni- 
tudes of white stars in the Pleiades group. The value of a is found 
for each plate by using visual magnitudes of white stars. 

About 400 color pairs were taken on Seed and Trichromatic {)lates 
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by Jordan between October 1906 and June 1907 : but as the Trichro- 
matic required nine times the exposure of the Seed, a faster plate was 
needed. This was supplied by Mr. Wallace in June 1907 in his new 
Pan-iso plate, bathed with pinacyanol, pinaverdol, and homocol. A 
full description of this plate has been recently published by Wallace 
in this journal.' 

With the filter this plate requires five times the exposure of the 
Seed plate, a decided gain over the Trichromatic. Comparisons in 
the same star fields showed that the two plates give practically the same 
color-intensity for both yellow and red stars, and this is confirmed by 
the curves of sensitiveness to spectral light, shown in Fig. 5. The 
plates for this figure were exposed to daylight in a spectroscope pro- 
vided with a Wallace grating replica, therefore the spectrum is normal. 
They had the standard development as given above. The intensity 
of the light action was measured in a Hartmann surface photometer 
whose wedge is so calibrated as to give directly the relative intensity of 
the light striking the plate, expressed in stellar magnitudes.^ The 
conditions of development and measurement are therefore the same 
as for the stellar plates. A comparison of Figs. 4 and 5 will show : 

1. The curves for the Seed plates differ slightly at the maximum; 
still the center of gravity, representing the integrated effect of the 
light, is near X 4275 in each case. 

2. In like manner the curves for the Trichromatic and Pan-iso 
plates differ in the w^ave-length of the point of maximum, but the 
center of gravity of each lies near ^ 5325. 

3. As a result, the two combinations should yield similar color- 
differences, as they were found by trial to do. 

There remains for consideration the very important question — 
Does this combination of plate and filter give visual magnitude- 
values for stars of different colors ? The curves shown might suggest 
a negative answer to this question, unless the effect of the Purkinje 
phenomenon were considered. The position of the visual maximum 
in the spectrum, is variously stated by different authorities from 
wave-lengths 5500 to 5900, but it is well known that this maximum 

I •'Studies in Scnsitomctry. II," Astrophysical Journal^ 26, 317, Fig. 7, 1907. 
3 *'An Absolute Scale of Photoji^raphic Magnitudes," Astrophysical Journal^ 26, 
244, 1907. 
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shifts toward the blue with decreasing intensity of illumination. 
Abney' gives it as about X 5300 in faint light. In order to make a 
definite statement of the position of visual maximum it is necessary, 
therefore, to state the intensity of illumination, the personal equation 
of the observer's eye, and if for telescopic work, the transparency of 
the air. In practice it is next to impossible to make these statements 
definite, but this amounts to saying that the ** visual'' magnitude of a 
colored star can hardly be definitely stated, a fact that is now recog- 
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Fig. 5. — Spectral Intensity-Curves. Seed, and Pan-iso with Filler. 

ni7ed by photometric workers. The photograph then can agree only 
with some particular visual scale for colored stars at a single magnitude 
with some particular aperture. It will be shown on page 175 that it 
agrees with the Potsdam scale at 6.0 magnitude, with 135 mm (5.3 
inches) aperture, the standard aperture to which the Potsdam magni- 
tudes were referred. 

Tables I and II show in detail the comparison between our '' visual" 
magnitudes, derived from the Pan-i.so plates, and those taken from 
the Potsdam Pholojnetric Durchmusterung, In Table 1 the stars are 
arranged in order of magnitude, so that corrections can be aj)plied 
for the Purkinje phenomenon. The first four columns give the B. D. 
» Color Vision y p. 103. 
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TABLE I 
Comparison of Pan-iso with Potsdam Magnitudes of Colored Stars 
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number of the star, the magnitudes on the two systems, and the differ- 
ences, in the sense, Pan-iso minus P, DM. The systematic character 
of the differences in column four is evident at a glance, and is still 
plainer in the means taken in columns five and six. It seems reason- 
able to ascribe these differences to the physiological effect on the visual 
measures arising from the decreasing brightness of the stars, therefore 
corrections to the P. DM. magnitudes are derived graphically from 
the means in columns five and six, and arranged in column seven. 
Columns eight and nine give the corrected P. DM. magnitudes and 
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the corrected difiFerences, which are no longer systematic as shown 
by the means in the last column. The last line of the table shows 
that the accidental differences between the two systems are reduced 
from ±0. 13 to ±0. 10 by the correction. 

Two important deductions can be made from Table I. First, the 
two systems of "visual" magnitudes, derived from the plate and the 
Potsdam catalogue, agree in their color-perception at magnitude 6.0. 
Second, the plate gives correct visual magnitudes of colored stars 
(see color-intensities of these stars in Table II), which has usually 
been considered as impossible.' 

TABLE II 
Comparison of Pan-iso and P. DM, Magnitudes in Order of Color-Intensity 



Star B. D. 


Color- 
Intensity 


Pan-ISO 
Mag. 


CoRRKrXED 

P. DM. 

Mag. 


A Mag. 

Pi. 

-P. DM. 


M KAN'S 


Color. 


A Mag. 


+ 190 4015 


0.00 


592 


5.88 


+ 0.04 


\ 




+ 36 3«8o 


■03 


7 36 


7-34 


+ -03 






+ 47 844 


.10 


6.0^ 


6.04 


— .01 






+ 58 2195 


•13 


7.98 


7.89 


+ 09 f 




+ 19 4004 


-36 


7. II 


7.25 


~ -^-^ , n -y-y 




■^33 3910 


•49 


6.71 


6.64 


+ .07 , °-3' 


— O.OI 


+ 35 4141 


•49 


6.37 


6.36 


+ .01 I 




+ 57 2322 


•51 


7.26 


7.24 


+ .02 \ 




+ 47 2937 


•52 


6.18 


^■30 


— . 21 






-1-49 666 


■55 


6.23 


6.37 


- 14 


1 




+ 33 3938 


.62 


6.76 


6.74 


+ .02 


\ 




+ 34 4114 


.69 


7.28 


732 


- .04 


\ 




+ 35 4219 


.70 


7.56 


7-53 


+ -03 ' 1 




+ 58 790 


.82 


7-72 


7.64 


+ .08 \l 




+ 38 3772 
+ 19 4010 


.84 
•97 


6.16 
5-37 


6.23 
5-35 


- .07 

+ .02 / °-9i 


+ 0.05 


+ 36 3807 


1.04 


6 98 


6 97 


+ .01 I 




+ 15 1191 


^•i3 


7^30 


7.16 


- 23 \ 




+ 36 3820 


1. 14 


6.51 


6-39 


+ .12 




+ 34 4111 


1. 16 


7.04 


6.97 


+ .07 / 




+ 35 3962 


123 


7 32 


7 28 


+ -04 \ 




+47 843 


1.23 


4.61 


4.68 


- .C7 \ 




+ 49 649 


1.28 


570 


551 


+ 19 / 




+ 48 3137 


1.29 


7.06 


7.27 


- ''' ,( 




+ 36 3744 


^•35 


6.43 


6.30 


+ -^^ V T ., 




+ 34 4079 


1-45 


4.86 


4.Q2 


- .06 ' ^-42 


— 0.05 


+ 44 261 


1.45 


5-85 


6.21 


- -^^^ iV 




+ 38 3780 


1.60 


5-21 


5.26 


- .05 !\ : 


+ 19 4017 


I 65 


5.81 


6.05 


- .24 1 


+ 49 656 


1.94 


5 14 


4.97 


+ .17 


J 





» See, for example, Scheiner, Die Photo graphie der Gcstirney p. 23S. 
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In Table II the data for the same stars are arranged in order of 
color-intensity. The last column shows that there is little or no sys- 
tematic difference between the magnitudes of the two systems, depend- 
ing on intensity of color. The second column, color-intensity, is taken 
from Table III, except for the four stars, +i9?4oi5, -f36?388o, 
-f 47?844, and -f 49?656. As these stars did not have satisfactory 
spectra on the objective prism plates they w^ere not included in Table 
III, but their color-intensities were derived in the same manner as 
were those of the remaining stars. 

There remains to be considered the relation between the color- 
intensities, as above deduced, and the spectral types of the stars. 
To obtain the latter we were fortunate in having at our disposal an 
excellent objective prism, by Zeiss, of 145 mm aperture and 15° angle, 
fitted to a doublet lens of the same aperture and made by the same 
firm. The focal length of the lens is 814 mm and the resulting spectra 
have a dispersion of 2.7 mm between the Fraunhofer Hnes F and K. 
In spite of this small scale the definition is so good that the spectral 
types of stars brighter than magnitude 9 can be readily seen on plates 
of one hour exposure or less. 

Although the scale of these spectra is rather small for satisfactory 
re]jroduction, Fig. 3 of Plate XI will give an idea of the appearance 
of the different types. It is a composite negative, made from objective- 
prism plates 34 and 84, of the fields around R Leonis and 5 Sagittae, 
respectively. The upper spectrum, that of 11 Sagittae, is a good 
example of the type chosen for magnitude standards. On this scale 
such spectra show only the absorption lines of the principal hydrogen 
series. Fortunately for our purpose spectra of this type are at once 
the most numerous and the easiest to distinguish. For the work in 
hand it was decided to use the spectral classification of the Draper 
Catalogue, as explained and illustrated by Miss Maur\^ and Miss 
Cannon/ using the letters A, F, G, K, and M with the following 
meaning: 

A, White or hydrogen stars as explained above. 

F, In addition to the hydrogen lines the Fraunhofer K is about as 
strong as 7/S. 

G, The only prominent hnes in the spectrum are K, H, and G. 

1 Aiuhils of the Harvard College (Observatory^ 28. 
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K, Stars like a Tauri showing K, H, and the calcium line X 4226.9 
as the only prominent lines. 

M, Spectra showing the above three lines and the characteristic 
flutings of Secchi*s Type III, like p Persei, 

Forms intermediate between the above classes are indicated by 
tenths of the interval between the letters. Between A and F the 
criterion used is the relative strength of the Fraunhofer K and i/8. 
Between F and G we use the relative strength of the solar G group and 
the Hy line. Between G and K the solar 6 and the calcium line 
X 4226.9 are compared. Between K and M the increasing strength 
of the flutings is noted. For the present paper we have used no stars 
farther advanced than K 5 M, since many of the stars classed as M 
are variables of long period. We have been able to confirm the opin- 
ions expressed by some visual observers that the color of a long- 
period variable becomes more intense near minimum. Such stars 
are therefore not adapted for our present purpose and are excluded. 

With these explanations we return to the consideration of Fig. 3. 
The spectrum of ig Leonis evidently Hcs between A and F, since the 
K line has rather more than half the intensity of 7/8. The spectrum 
of S Sagittae (a variable of short period) lies between F and G, 
nearer to G since the G group is stronger than Hy. The spectrum 
of 18 Leonis lies between G and K, nearer to G as the G group is 
stronger than X 4226.9. R Leonis is a fine example of M with the 
hydrogen lines bright. This kind is called Md in the later Harvard 
publications. 

With these explanations we are ready to compare our results for 
color and spectral type. The data for forty-nine stars are given in 
detail in Table III. The color-intensity, given in column four, is the 
difference in magnitude between the Seed, and Pan-iso plates. For 
four stars in one field, mentioned in the footnote, this magnitude 
difference is increased by 0.07, since the standard stars are not pure 
white but have the mean color 0.07. In the fifth column the spectra 
are given on the above classification, except that the first two arc 
Wolf-Rayet stars. It is interesting to note that these stars are ])rac- 
tically white. These colors and spectral types are ])lattcd in P1g. 6 
with color-intensities as abscissas and types as ordinates on an arbitrary 
scale, allowing equal distances between the letters. Tlie last two 
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TABLE Til 
Comparison of Colors and Spectra 



Star 


Magnitudes 


^ Mag. 


1 


Residuals 


B.D. 






Color 


1 SPECTRUII 






Seed 


Pan-iso 


KJ M *.\_ A MkK^ <■ 


Color 


I Spectrum 


+ 35-4013 


7-95 


7-93 


0.02 


i W-R 






+ 35 4001 


7-94 


7.91 


•03 


1 W-R 






+ 58 2193* 


7-99 


8.03 


•03 


1 A I F 


0.02 





+ 58 2187* 


7 13 


7.08 


.12 


1 A5F 


.12 


2 


+ 58 2195* 


8.04 


7.98 


•13 


1 A 2 F 


•03 


I 


+ 35 3988 


9.06 


8.83 


•23 


A1-2F 


•15 


3 


+ 48 2943 


9.08 


•8.75 


•33 


! A8 F 


•OS 


I 


+ 19 4004 


7-47 


7. II 


.36 


1 A3-4F 


.12 


4 


+ 48 2934 


8.62 


8.25 


•37 


1 A8F 


.01 





+ 37 3787 


9.40 


9.02 


.38 


^ 


.10 


2 


+ 33 3910 


7.20 


6.71 


.40 


1 F 


.01 





+ 35 4141 


6.Q4 


6.37 


.49 


1 F 2 G 


.09 


2 


+ 35 39^6 


8.71 


8.20 


•51 


1 F? 


•03 


I 


+ 57 2322 


7-77 


7.26 


•51 


1 F5G? 


.21? 


5? 


+ 47 2937 


6.70 


6.18 


■52 


1 Fi G 


•03 


I 


+ 3^ 3735 


8.82 


8.29 


•53 


; F? 


.05 


I 


+ 49 066 


6.78 


6.23 


•55 


1 FiG 


•03 





+ 33 3938 


738 


6.76 


.62 


, F 


.14 


2 


+ 37 3781 


8.38 


7.80 


58 


F2G 


.00 





+ 34 41 14 


7.96 


7.28 


.69 


' F 2 G 


.11 


I 


+ 35 3844 


9.06 


8.36 


■70 


' F5G 


.02 





+ 35 4219 


8.26 


756 


.70 


1 F5G 


.01 





+ 58 790 


8.54 


7.72 


.82 


'■ G- 


.04 


I 


+ 38 3772 


7 .00 


6.j6 


.84 


i G 


•15 


3 


+ 48 2933 


9.26 


8.36 


.90 


F8G 


00 





+ 38 3915 


9.16 


8.23 


•93 


1 G 


.06 


I 


+ 27 341 1 


4.66 


3-70 


■97 


i G 


.02 





+ 19 4010 


6.34 


5-37 


97 


1 G 


. .02 





+ 36 3807 


8.02 


6.98 


1.04 


1 ^ 


•05 


I 


+ 15 1191 


8.52 


7-39 


I -13 


' G 2K 


•03 


I 


4-36 3820 


7.65 


6.51 


1. 14 


' G 2K 


.04 


I 


+ 34 4111 


8.20 


7.04 


1. 16 


, G1-2K 


.10 


I 


+ 58 2201* 


6.81 


5 72 


1. 16 


, K- 


•23 


4 


+ 35 3954 


9.14 


7.96 


1. 18 


1 G2-3K 


.06 


I 


+ 58 787 


9-43 


8.22 


1 .21 


' G-K 


•04 


I 


+ 3=^ 390 2 


8.55 


7-32 


I 23 


' G-K 


.02 





+ 47 843 


5-84 


4.61 


1-23 


1 K- 


16 


3 


+ 49 f>49 i 


6. 98 


5-70 


1.28 


G-K 


.03 





+ 48 3137 , 


8.35 


7.0^) 


1.29 


G-K 


.04 





+ =^7 ^^^^ 


9 35 


8.02 


1-33 


1 G-K 


.08 


2 


+ 38 ^^^(y 


8.93 


7.60 


1-33 


G-K 


.08 


2 


+ 3^> 3744 ' 


7.78 


6.43 


1-35 


1 G-K 


.10 


2 


+ 35 3985 


8.43 


7.06 


1-37 


; K 


.18 


3 


+ 34 407P 


6.31 


4. 86 


1-45 


K 


.10 


2 


+ 44 20 1 


732 


5 85 


I 45 


1 K 


.10 


2 


4-38 3780 


6.81 1 


5.21 


1 .60 


, K 


•07 


I 


+ 19 4017 1 


746 1 


5.81 


1.65 


1 ^ 


.12 


2 


+ 37 3<^98 


8.92 


7.09 


1.83 


' K-M 


.00 





+ 30 3S92 1 


Q . 60 1 


7-74 


1. 86 


' K-M 


.00 





; 


Means 


±0.07 


I 



* Thr s|K<fr.i of [he \\\<, st.irrlanl st.ifN in this tu'hi are A i F and A 2 F. respectively. The mean 
color-int.n^itv ktr si*.n<linK' t<> tlust- sjudra. as (itrivcd from the curve, is o 07. therefore the differences 
of ina,i;iiitii(U-s l.itwtin ihc Si-od and l*an is*, platt"^ wt-rc inrrcast'fl l)y that amount. 
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columns in Table III give the distances between the platted points 
and the smooth curve. The horizontal distances give color-residuals 
in magnitudes, the mean being ±0.07. For the vertical residuals 
the unit is one-tenth the distance between adjacent letters, the mean 
being one of these units. The moderate size of these residuals, over 
a wide range of spectral types and colors, shows that the method is 
fairly accurate. As far as we can judge from the limited number of 

Color-Intensities 



M 






r G 

(A 




-^MitsiiLnLJtijlj-^iiLLrutfrthhi 






lliiili 



m 



Fig. 6. — Star Sj)cctra and Colors. 

points platted, the scale of ordinates, representing the interval between 
the spectral types, should increase upwards, instead of being uniform. 
The important conclusion is that color-intensities can be measured 
by this method as accurately as star-magnitudes; also that definite 
color-intensities correspond in general to definite spectral types. 

The data arranged in Table IV enable us to compare the accuracy 
of our color-measures with the Potsdam estimates. In this table the 
stars are arranged in order of the Potsdam colors. For convenience 
in taking averages we have added to the Potsdam notation in the third 
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TABLE IV 
Comparison with Potsdam Colors 





Colors 










Mean Color 










Mean 

Color 


P. DM. A Color 
Range P. DM. 




Star B. D. 














P. and J. 


P. DM. 






P. DM. 


p. and J. 


+ 34 4081 


0.00 


IV' + 


2 







02 




+ 33 3914 


.00 




2 






02 




+ 19 4015 


.00 




2 


0.02 


O.IO 


02 




+ 49 O40 


.00 




2 






02 




+ 37 3703 


.00 




2 






02 




+ 36 3S80 


•03 




2 






01 




+ 47 844 


.10 




2 






08 1 

1 




+ 13 4371 


.00 


GW- 


3 






\\ 




+ 36 3816 


.00 




3 


0.00 


0.00 






+ 47 «47 


.00 




3 










+ 59 2334 


.00 


GW 


4 







45 7 




+ 14 4353 


.00 




4 






45 ' 




+ 58 2195 


•13 




4 






3' 1 ^„. 




+ 19 4004 


•36 




4 






09 GW 


0.33 


+ 33 393S 


.62 




4 


0.45 


0.82 


'7 ( 




+ 34 4114 


.69 




4 






'i 1 




+ 35 4219 


•71 




4 






26 i\ 




+ 58 790 


.82 




4 






37 




+ 35 4141 


.10 


GW^ 


5 


0.30 




'! 




+ 57 2322 


•51 




5 






'•■' 




+ 33 3910 


49 


WG- 


6 







^' \ 




+ 47 2937 


•52 




6 






28 i\ 




+ 49 666 


.55 




6 


0.80 


0.80 


25 






+ 34 4111 


1. 16 




6 






36 


1 




+ 48 3137 


1.29 




6 






49 


/ 




+ 38 3772 


0.84 


WG 


7 






23 


I 
>WG 


0.90 


+ 15 1 191 


I 13 




7 


1.07 


39 


06 


i 


+ 35 39^>2 


1-23 




7 






16 






+ 36 410;; 


0-57 


WG + 


8 






41 


\ 




+ 36 3S07 


1.04 




8 


0.98 


0-59 


06 






+ 36 38 20 


1. 14 




8 






16 


/ 




+ 58 2201 


1. 16 




8 






18 


1 




+ 19 4010 


0.97 


G- 


9 


1. 12 


031 


15 






+ 49 ^>49 


1.28 




9 






16 






+ 3^^ 3744 


1-35 


G 


10 


1-50 


0.30 


15 






+ 19 4017 


1.65 




10 






15 






+ 47 843 


1-23 


EG 


13 






32 






+ 34 4079 


1-45 




13 






10 






4-44 261 


1-45 




13 


1-55 


0.71 


TO 






+ 38 3780 


1 .60 




13 






05 






+ 49 ^^56 


1.94 




13 






39 







Mean 



±0.19 
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column, the number corresponding to their color-steps, beginning at 
white. For each Potsdam color-step, the fourth column gives the mean 
color-intensity from our measures, the sixth column the difference 
between the separate intensities and this mean. The individual 
residuals vary from o to 0.49, the mean value being ±0.19. Of 
course the accidental errors of both systems are involved in these 
residuals, and no precise comparison between their accuracy is pos- 
sible. We might say, however, that our color-measures agree more 
closely with the estimated spectral types, the largest residual from the 
color-spectrum curve, Fig. 6, being 0.23 and the mean being ±0.07. 
The greater part of the residuals from the curve are probably due to 
errors in estimating the spectral type, but if we ascribe equal amounts 
of error to each source, our average residual due to color-error becomes 
±0.05. This is confirmed by the agreement of the three pairs of 
plates from which each color-value is obtained, the probable error of 
the mean color- value being ±0.05. 

It will be interesting to compare our color-intensities with those 
obtained by Schwarzschild,' the latter being obtained by taking the 
difference between his photographic magnitudes and the visual magni- 
tudes of the Potsdam catalogue. To make our basis a little broader 
we take the mean of the three neighboring color- steps for the GW and 
the WG stars from Table IV. The comparison is as follows : 



Potsdam Color 


Difference in Magnitude from White Stars 


GW 

WG 

G 


Sch. 
0,29 

99 
1.40 
1. 61 


P. and J. 

.S3 
0.90 

1-55 


RG 





As already mentioned, variable stars are excluded from this paper, 
since our measures show that the color-intensities of both short- and 
long-period variables increase with decreasing light. Provisional 
results on some variables of short period have already been published,^ 
and as an example of changes in long-period variables the color- 
intensity of R Leonis is 1.3 near maximum, but becomes greater 

' Vierteljahrsschrijt der Asiron. Geselhchajt, 39, 172, 1904. 
^ A sir o physical Journal y 23, 7(j, 1906. 
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than 2.3 before minimum is reached. The well-known contrasted 
colors of some wide double stars are also being investigated. 

The provisional results of this investigation can be summarized as 
follows : 

1. The photographic method furnishes a practically simultaneous 
determination of visual and photographic magnitudes, free from most 
of the uncertainties of visual methods. 

2. The system used can be definitely stated by its spectral intensity 
curves, and exactly reproduced by any obser\Tr. 

3. The color results are stated in magnitude differences, which are 
directly useful in photometric work and absolutely necessary in co-or- 
dinating visual and photographic photometry. 

4. As definite color-intensities correspond in general to definite 

spectral types, this furnishes a method of determining the spectrum of 

stars too faint for the ordinary spectroscope. One hour's exposure 

with eighteen inches on the reflector will give measurable colors of 

stars to the fourteenth magnitude. 

Yerkks Observatory 
January igoS 



THE COLOR-SENSIBILITY OF SELENIUM CELLS 

By JOEL STEBBINS 

During the summer of 1907 a determination of the moon's light with 
selenium cells was made at this observator}' by Mr. F. C. Brown and 
the writer.' It was found that the moon's candle-power was depend- 
ent upon the cell used, the values for the full moon ranging from 
0.07 to 0.37 candle-meters. It was suggested that this discord- 
ance could easily be explained if the color-sensibility curves of the 
selenium cells were different, and this has since been found to be the 
case. The present paper gives a determination of the color-curves 
of the four cells which were used in the work on moonlight. 

The curves are based upon the normal solar spectrum produced 
by a small grating spectroscope attached to the 12-inch refractor. 
The center of the sun's image was kept on the slit of the spectroscope, 
and the conditions were the same for all cells, except for the different 
degrees of atmospheric absorption which were beyond the control 
of the observers. The spectroscope is a modest affair, being next 
to the smallest size regularly manufactured by Brashear. The ruled 
surface of the plane grating is 19X25 mm, and the objectives of the 
collimator and view telescope are each of 19 mm aperture and 285 mm 
focal length. The cell to be tested was placed in the focus of the view 
telescope, and in front of the cell was a metal shutter with a slit 
about 1.5 mm wide. This slit extended across the spectrum, and its 
width corresponded to about 80 Angstrom units in the first order, a 
sufficient stretch of spectrum to obscure the effect of the spectral lines. 
A number of elements of the cell were illuminated, but the area of the 
slit, 1.5 x8 mm, was less than one hundredth of the entire sensitive 
surface of the cell, which was of dimensions 50X26 mm or larger. 
The necessary precaution was taken to insert additional diaphragms 
in the view telescope to cut off stray light. 

The manipulation was similar to that of our work on the moon. 
The cell was connected as one arm of a Wheatstone bridge as before, 
and 13 dry batteries gave an E. ]M. F. of 15.5 volls. An exi^osure 

^ Astro physical Journal ^ 26, 326, 1907. 
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time of 5 seconds gave convenient galvanometer deflections when the 
spectroscope slit was opened so that the intensity in the spectrum 
was what would be convenient for visual observations. The expo- 
sures were made every half-minute, and it was found that the cells 
would recover sufficiently in the interval of 25 seconds. After several 

TABLE I 
Color-Sensibility of Gilt ay Cell No. 94 
November 23, 1907, «;-second exposures every half-minute from o^ 40^5 to 
i^ 23l'5. Temperature, 15° C; Resistance of cell, 850,000 ohms; 15 .5 volts in circuit. 



Deflections 



Circle 



Wave-Length 



Forward 



Backward 



Mean 



' Sensibility in 
Terms of a 6760 



16 


0' 


16 





16 


30 


17 





17 
18 


30 




18 


20 


18 


40 


19 





19 


10 


19 


20 


19 


30 


19 


40 


19 


50 


20 





20 


10 


20 


20 


20 


30 


20 


40 


20 


50 


21 





21 


10 


21 


20 


21 


30 


21 


40 


21 


50 


22 





22 


10 


22 


20 


22 


40 


23 





23 


30 


24 





24 


30 


25 
26 






27 

28 






28 






8980 
8980 

8700 
8420 

8140 

7870 

7680 
7500 
7310 

7220 

7130 
7030 
6940 
6850 
6760 
6660 
6570 
6480 
6390 
6290 
6200 
6 no 
6020 
5920 

5830 
5740 
5650 
5550 
54^)o 
5280 
5090 
4810 

4540 
4260 
3980 
3430 
2870 
2320 
2320 



mm 
14.4 
14.2 
12.3 
II. 7 

12.3 
9.8 
10.8 
22. I 
41 .6 
53-7 
(>7-5 
79 7 



/ / ■ / 
^S.7 

47-5 
39-5 
39 5 
40. 1 
41.4 
43-8 
49.0 
46.4 
46. 1 
4SO 
43-7 
43 2 
40,0 

3^>.5 
37 5 
^.^ ■ 5 
25 3 
21.6 
15.0 
10. 2 

2.S 

2 g 
2 > 



mm 
13-6 

12.9 
II 
II 
II 

9 

10 
20 
40.4 

50- 3 
64.2 

72 

73 
60 

54 
45 
38.1 

33-6 
3^^ -7 
3«-3 
39-^^ 
42.3 
43^ 
44 2 
42.9 
45.8 
41.4 
39- 1 
38.1 

34 Q 
31 o 

25.8 

21-5 

15.8 

12.2 
4.0 

^>-5 

31 



13-8 
II. 9 
II. 6 
II. 9 

9- 
10. 
21. 



41 

52 

65.8 

75-8 

75-^ 
63.0 

5^-4 

46.3 

38.8 

36.6 

38.4 

39-8 

41 

45 

45 

45 

44 

44 

42 

39-8 

37-3 
36.2 
32.2 
25.6 
21.6 

15 4 
II . 2 

3-4 
4 7 
2.8 



0.24S 

.211 
.206 
.211 
.174 

.184 
.381 

•727 

.922 

1. 167 

1-344 

1.340 

1. 117 

1 .000 

0.821 

.688 

.649 

.681 

.706 

•739 
.808 
.798 
.801 
.780 
■794 
•750 
.70^) 
.661 
.642 
•571 
•454 
•383 
•273 
.199 
.060 
.083 

.050 
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trials to determine the approximate curve for each cell, a series of 
exposures was taken, beginning at the infra-red, and running through 
to the violet, then repeating in the reverse order. In Table I are the 




X 3000 



4000 5000 6000 700C 8000 

Fig. I. — Curves of Color-Sensibility of Selenium Cells. 



details of a determination for Giltay Cell No. 94. The wave-length 
corresponding to each circle reading was carefully determined and is 
correct within 20 Angstrom units. The first and last detlections were 
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obtained at the first circle reading, i6° o'. The sensibility in the last 
column is assumed to be proportional to the galvanometer deflection, 
and for convenience the sensibilities of each cell were referred to the 
value at X 6760. The systematically smaller deflections obtained in 
the " Backward '* column were due to the lower altitude of the sun, 
which had passed the meridian. 

The results for the four cells are shown graphically in Fig. i, where 
each small circle represents the mean of two deflections. When it is 
remembered that these are photometric measures in diff"crcnt parts of 
the spectrum, it will be seen that the general agreement of the observa- 
tions with a smooth curve is exceptionally good. In fact, the probable 
error of a single deflection is often only i per cent, or less. 

A glance at the curves shows that the candle-power should undoubt- 
edly depend upon the cell used. The Giltay cells have two maxima, 
while the Ruhmer cell and the one remade here have but one maxi- 
mum. Although the two Giltay cells have similar cun^es, they are 
not duplicates, and likewise the Ruhmer and remade cells do not 
have curves which arc exactly alike. The methods of manufacture 
by (jiltay and by Ruhmer are not known to the writer, and are pre- 
sumably trade secrets. The remade cell was heated to the melting- 
point of selenium, 217° C, and was then annealed between 100° and 
200° C. For completeness the color-sensibiKty curves should be 
determined for both moonlight and candle-light, but there are diffi- 
culties in the way of measuring spectral intensities of the moon and 
candle under the same instrumental conditions. 

There is a certain amount of difi'use light reflected from the grating, 
which it is impossible to eliminate, and under the conditions of the 
experiments, it is believed that light of wave-length less than about 
X3400 had no effect upon the cells. This diffuse light probably 
affects all readings, and it might be allowed for by raising the line of 
zero sensibility for each cell. The results in the infra-red are also 
comj)licated by the effect of the second-order spectrum, which in some 
cases seems to begin near X 8000. 

It is certain that these curves are dependent upon the altitude of 
the sun, and the amount of atmosj)heric absorption. In fact, it will 
jjrobably ])e possible to measure the selective absorption of the atmos- 
phere with one of these cells, but it is necessary to wait till near the 
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time of the summer solstice. In Table II are given the conditions 
of the observations with each cell, also the positions of the observed 
maxima in the sensibility curves. 

TABLE II 
Maximum Sensibility of Selenium Cells 



CeU 


Astronomical 
Date, IQ07 


1 
Central Standard Sun 's 
Time | Altitude 


Maximum ^,,^,^«i 


Giltav 0^ 


Nov, 16 
Nov. 23 
Nov. 23 
Nov. 22 


oh igm 1 700 


X 6940 
7140 
7000 
7080 


X5860 
6000 


Ruhmer 619 

Giltay 94 


21 53 

I 02 

23 22 


25 
27 
30 


Remade Giltay 





From the above results we may conclude that selenium cells differ 
from each other in regard to color-sensibility much as do various 
brands of photographic plates, but there is not sufficient data at hand 
to determine how the color-sensibility curves depend upon the process 
of manufacture of the cells. 

In conclusion, I beg to acknowledge my indebtedness to Dr. F. W. 
Reed and Mr. B. O. Brown, without whose assistance the observa- 
tions could not have been taken; also to Professor A. P. Carman, who 
placed the facilities of the Department of Physics at my disposal. 

University of Illinois Observatory 
January 1908 



THE LIGHT-CURVE OF S CEPHEI 

By JOEL STEBBINS 

The well-known variable star, 8 Cephei, has been studied by many 
observers. Argelander determined the form of the light-curvT, and 
found a secondary maximum or pause in the decline of light. This 
peculiarity has been verified by other observers, but many of the 
published light-curves disagree as to the time of the secondary maxi- 
mum or as to its actual existence. Between June 1906 and September 
1907, the writer has taken a long series of measures of S Cepltei with a 
polarizing photometer attached to the 12-inch refractor. The photom- 
eter is one of the first forms devised by Professor E. C. Pickering, 
and is fully described by him in Annuls H, C. O., 1 1, where it is 
designated as Photometer H. As used by the writer the instrument 
has the improvement, which was introduced at Harvard, of a second 
prism in the focal plane, which renders the emergent beams coincident. 
Attached to the 12-inch telescope, the use of the instrument is limited 
to a comparison of stars not more that i' apart, but S Cephei has a 
sixth-magnitude companion at 41" distance, which has served as 
comparison star in all of the measures. The full aperture of the 
12-inch objective was used, and experience has shown that bright 
stars arc as easily measured as faint ones. The range of the variable 
is approximately from 3.6 to 4.3 magnitudes. 

The method of observation was to take 16 settings with the right 
eye, then change to the left eye for 16 more, thus alternating until 6 
sets or 96 settings had been secured. The result from 96 settings will 
be called an observation, and in 15 months there were obtained 74 
observations or a total of 7104 settings. Usually the readings were 
recorded by an assistant, and the time required to make an observa- 
tion was from 40 to 50 minutes. All j^ossibk^ j)recautions were taken 
to avoid systematic errors. The effect of position angle was elimi- 
nated by rotating the photometer, 8 settings of each set were taken with 
variable above, and 8 with variable bebw the com[)arison star. The 
observer's mind was closed as to the phase of the light-variation, and 

jSS 
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the reductions were not made for at least a month after the observa- 
tions. On two occasions two observations were taken on a night, 
but ordinarily 96 settings were deemed sufficient. When it happened 
that the measures were interrupted by clouds, and could not be 
resumed, the settings of the night were rejected, for it was determined 
to retain nothing but complete observations and to give equal weight 
to all. 

The seeing was recorded on a scale of 5, although with the magnify- 
ing power of only 100 which was employed, 4 is apparently perfect. 
There was reason to anticipate that the presence of moonlight would 
affect the measures, especially since the variable is redder than the 
comparison star. Accordingly the amount of illumination was 
recorded ou a numerical scale, o representing a dark field, i that the 
moonlight ^Ject was just perceptible, and 5 the brightness of the field 
near the full moon. For this star the estimate of moonlight was never 
higher than 3. 

In Table I are the results of each night. The phase is counted 
from an arbitrary date, 1906 June 30.25 G. M. T., and the adopted 
period is that given by Mcyermann,' 5?366404. The difference of 
magnitude in the fifth column is from the mean of 96 settings, and 
represents the amount that the variable was brighter than the com- 
parison star. The residuals in column six are in the s(^nsc Observed 
minus Curve. The last two columns contain the estimates of seeing 
and moonlight. 

Any grouping of observations is more or less arbitrary, and in this 
case this procedure was mechanical. The results were arranged in 
sequence according to phase, and each observation was combined 
with the one preceding and following. The 74 overlapping means 
thus found form the basis of the light-curve. However, it is possible 
for anyone else to use the individual observations in Table I, accord- 
ing to his own judgment. 

From the residuals furnished by the 6 sets of each night is derived 
a probable error of one observation, of ±0.010 magnitude. This is a 
measure of the accordance of results in a single night, but a much 
better test is given by the residuals in Table I, from which is derived 
a probable error of ±0.014 magnitude for one observation. The 

^ Astronomische NachrichUny 167, i, 1904. 
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TABLE I 
Photometric Measures of 5 Cephei 



No. 



Date 



G. M. T. 



Phase 



Diff. of 
Mag. 



O.— C. 



Seeing 



Moon 



I. 
2. 
3- 
4- 

5- 
6. 

7- 

8. 

9- 
10. 
n. 
12. 

13- 

14. 

15- 
16. 
17. 
18. 
19. 
20. 
21. , 
22. . 

23- 
24.. 

25- ■ 

26.. 

27., 

28.. 

29.. 

30-- 

31- 

32.. 

33-- 

34-- 

35- 

30.. 

37- 

39- • 
40.. 
41.. 
42.. 

43 • 
44.. 

4.V- 
4O.. 

47 • 

48.. 

49 • 

50.. 



June 
Tulv 
Jlllv 
July 
Jufy 
JiilV 
July 
July 
Julv 
Julv 
Julv 
July 
July 
Julv 
Julv 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

SeptfniV)er 

Sf|)tt.*iubcr 

Sc|)tem])C'r 

Septoml)cr 

Srj)tcniber 

Scj)tL*nibcr 

Sfpleml>cr 

October 

OctulxT 

( )(tobt.T 

NovtmbcT 

NovemlxT 

NovcnibtT 

November 

Noveml)er 

December 

Jaiuiary 
I-(I)ruarv 



30 

I 

3 

8 

II 

14 
16 

17 
18 
21 

^3 
24 
26 

27 
29 

30 

I 

2 

4 

9 

10 

II 

12 

16 

20 

21 

22 

^^ 

24 

25 

27 

28 

29 
50 
16 
17 
19 
20 



14 



5^55" 
5 ^i 
7 14 
5 54 

5 05 

6 44 

5 35 

6 53 
54 
00 

05 
34 
52 
54 
59 
15 
30 
98 

52 
52 

39 
09 

4 40 

5 57 
56 

51 

07 

57 
00 

39 
09 

44 
3^^ 
3^' 
16 
II 
IS 
4 45 

3 45 

4 09 

3 49 
1^ 06 

3 i-S 
2 3^> 

6 03 

5 57 
5 3^^ 
5 40 
5 oi 

4 50 

5 02 
4 II 



0^413 
1.398 

3 469 
3.046 
0.645 

3714 
0.300 



354 
355 
359 
912 

974 
903 
580 
542 

595 
198 

183 
171 
2.888 
3.920 
4.858 
0.430 
4.484 
3 074 
4.071 
5.082 
0.709 
1. 711 
2 . 696 
4.676 

0-334 
1.328 
2.328 
3- 214 
4.211 
0.S48 
1.869 
3-^27 
4.844 
0.464 
5.067 
2.709 
0.581 
3QQ2 
3.621 
4.241 
I .510 
2.483 
4.109 

I .552 
3^52 



2-34 
2. 22 
2.84 

2-93 
2.30 
2.78 
35 
17 
49 
36 
16 
92 

47 
26 
62 
81 
32 
2.18 

2-93 
2.92 

2.68 
2.50 
2.32 
2.58 
2.90 
2.66 
2.42 
2.23 
2. 16 
2.78 
2 . 56 

2-35 
2.20 
2.44 
2.92 
2.64 
2. 22 
2.18 
2.69 
2.52 

2-34 
2.41 
2.80 
2.28 
2.65 
2.76 
2.59 
2.17 

2-59 
2.63 

2.11 

2 66 



+ .01 

+ .04 

.00 

.00 

+ .03 

+ .03 
.00 

— .01 
4- .02 

.00 

— .04 
.00 

— .02 
-.03 

.06' 
4- .02 

— .02 

— .02 
4-. 01 
4". 01 

.00 

+ .03 

.00 

.00 

-•03 

+ .01 

.00 

-03 

— .01 
.00 

4- .01 
.00 

4- .02 

-.04 
.00 

4-. 01 

— .01 

— .01 

— .02 
+ .02 
4- .02 

— .01 
.00 

— .01 

— .02 

— .02 
-.04 

.oc 
4- .04 

— .02 

— .06 

— 02 



2 
2 
2 
3 
3 
2 
I 
2 
2 
2 
3 
3 
3 
2 

3 
2 
2 
2 
3 
3 
2 

3 
3 
3 
3 
3 
3 
3 
2 
2 
2 
3 
3 

o 
2 



I 
2 
2 
I 
I 
o 
o 
o 
o 
o 
o 
o 
I 
I 

2 

2 
2 

3 
2 
O 
I 

o 
o 
o 
o 
o 
o 
o 
I 
I 
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TABLE \— Continued 



No. 



Date 



53- • • 
54..- 
55. •• 
56... 
57. •• 
58... 
59. •• 
60... 
61... 
62... 
63... 
64... 
65... 
66... 
67... 
68... 
69... 
70... 
71... 
72... 

73-. • 
74... 



February 19 
February 25 

June 16 

July 
July 

July 

July 

August 

August 

August 

August 

August 

August 

August 

August 

August 

August 

September 10 

September 12 



5 

7 I 
7 I 

12 

12 

26 , 

5 I 

7 

9 

10 I 
12 I 
18 I 

23 
24 

25 I 
29 ; 
30 



G.M.T. 

I 13^44'' 

13 43 
17 35 
15 39 

I 15 29 
I 16 58 

IS 50 

17 07 

i 15 25 

I 15 52 

15 20 

15 13 

14 46 

15 08 
14 46 
14 35 
14 25 
14 24 
14 17 
14 09 
14 46 
14 20 



Phase 


Diff.of 
Mag. 


O.-C. 


Seeing 


zH^yi 


2.76 


-•05 


I 


4.200 


2.64 


+ .01 


I 


2.667 


2.76 


+ .01 


2 


0.120 


2.36 


+ .01 


I 


2. 113 


2.34 


+ .02 


2 


2175 


2.36 


+ .01 


3 


1.762 


2.20 


+ •03 


3 


1-815 


2.20 


+ .02 


3 


5. Oil 


2.47 


+ .02 


2 


4.297 


2.67 


+ .06 


3 


0.909 


2.26 


+ .05 


3 


2 904 


2.92 


+ .02 


2 


3-885 


2.74 


+ .04 


3 


534 


2.30 


.00 


2 


1. 152 


2.19 


— .OT 


2 


0.778 


2.24 


— .01 


3 


1. 771 


2.17 


.00 


2 


2.770 


2-83 


.00 


4 


1-399 


2.18 


— .01 


3 


2-394 


2.48 


— .01 


3 


2.686 


2.76 


.00 


2 


4.668 


2.52 


-•03 


3 



Moon 



I 
2 
O 
O 
O 
O 
O 

o 
I 
o 
o 
o 
o 
o 

2 

3 
2 

I 
o 
o 



latter value shows that the systematic errors on a given night are 
small, and justifies the large number of readings. 

If we assume that the observed difference of magnitude varies 
linearly with the estimate of seeing or of moonlight, from the first 
observation we may set up the equation 

25-|-im= -h.oi 

where s represents the change of the difference of magnitude with a 
unit variation in the scale of seeing, and m a similar coefficient for 
the moonlight effect. A least-square solution of the 74 equations gives 

s= -ho. 0024, 
w=— 0.0030. 

These quantities are negligible, and we may conclude that there is no 
evidence of any effect due to variation in the steadiness of the images 
or illumination of the field. It seems therefore that the observations 
cannot be further improved. 

In Fig. I the circles represent the overlapping means, which are 
sufficiently numerous to indicate the variations in brightness without 
the curve. It will be seen that there are no large irregularities, but 
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there is evidence of secondary fluctuations with maxima at about 
4^6, and 0^4. The first of these, which probably corresponds to the 
secondary maximum of Argelander, is in excellent agreement with the 
photographic results of Wirtz'. Both Wirtz and Meyermann' have 
also found evidence of the irregularity at 0^4. The discordance of 
the points near minimum is probably due to the observation No. 51, 
which was taken under the poorest conditions, the seeing being esti- 
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mated at o. The measures on that night were satisfactory at the 
time, and the writer has adhered to the rule of rejecting no obser\^a- 
tions after they were once taken. The curve has been drawn accord- 
ing to the writer's judgment, but on account of the large number of 
observations it would not be possible to change the form of the 
curve to any extent. It should be mentioned that all of the obser\-a- 
tions depend upon one comparison star, but there is no evidence that 
all of the changes are not due to the variable. 

The times of maximum and minimum, and the amplitude of 
variation, as derived from the curve, are as follows: 

^ Astronomische Nachrichtcny 154, 334, 1901. 
a IbU.y 175, I, 1907. 
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Maximum 2.93 mag. 1906 July 3. 29=}. D. 2417395.29 (Greenwich) 
Minimum 2.17 1906 July 1.87=}. D. 2417393.87 

Amplitude o. 76 mag., Max. — Min. = i <! 42. 

Meyermann gives for the maximum 

1840 September 26.3588-1-5^366404 E. (Bonn) , 
and from the writer's observations is derived a correction to the 
ephemeris of — 0^07. This is probably within the error of the deter- 
mination of maxima from diflferent curves. 

In 1894 Belopolsky' found S Cephei to be a spectroscopic binary, 
and although the variations in radial velocity indicate an orbital 
motion which is synchronous with the change of light, the star is not 
an eclipsing system. More recently a number of variables of this type 
have been studied spectrographically at the Lick Observatory, and the 
results as summarized by Albrecht^ show that these stars are brightest 
at the time of most rapid approach. In the case of W Sagittarii and 
Y Ophiuchi there is a close relation between the secondary fluctua- 
tions in light and radial velocity. Although S Cephei is the brightest 
star of this class and can be reached with a three-prism spectrograph, 
no determination of the velocity-curve has been made since the work 
by Belopolsky. In view of the many improvements in spectrographs" 
in the last ten years, it would seem that a series of observations with a 
modern instrument should yield interesting and valuable results. 

University op Illinois Observatory 
January 1908 

» Astronomische NachrichUfij 136, 281, 1894. 
2 Astrophysical Journal^ 25, 330, 1907. 



THE LUMINOUS PARTICLE A STRONG MAGNET, AND 

THE CONSEQUENT PRESSURE-SHIFT OF 

SPECTRAL LINES 

By W. J. HUMPHREYS 

In the Philosophical Magazine for November 1907, ((6) 14, 557) 
Professor O. W. Richardson discusses in an excellent manner the 
pressure-shift of spectral lines. In outlining his method he says: 

Briefly stated, the theoiy to be developed attributes the displacement of 
spectral lines produced by pressure to the eflfect of sympathetic vibrations occurring 
in the surrounding atoms. The fact that an atom A is emitting light shows that 
it is surrounded by an alternating field of electric force. This alternating electric 
field will produce forced vibrations of equal period and, under certain conditions, 
of like phase in neighboring atoms. The electric field due to the forced vibra- 
tions will react on the emitting electron in the atom A, and, as will be shown, in 
such a way as to increase the period of the latter. It will be necessary, then, to 
calculate the reaction at yl due to the forced vibrations set up in an atom at B 
by a given vibration at yl, to sum this up for all the atoms B which occur, and to 
find the effect of the resultant reaction on the period of A, 

After detailed calculation the following equation is obtained: 

in which 8X is the change in wave-length X^, € the charge of the 
electron, m the mass of the electron, c the velocity of light, fi the 
refractive index of the medium for hght of the given wave-length \, 
and a **the radius of the sphere within which it is impossible for the 
center of an atom of class B to lie.'' **It is evident that a will be of 
the order of magnitude of the radius of the atom A and have the sum 
of the radii of A and B as an upper limit." 

This equation requires the change in wave-length to be positive, 
or toward the red, to increase directly as the density or pressure of 
the surrounding gas is raised, and finally to be directly proportional 
to the third power of the wave-length examined. The first two 
requirements agree with the facts of experiment, but the third does 
not. The pressure-shifts of difl'crent Hnes of even the same element 
varv greatly, but while there is an undoubted increase in the average 
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shift with increase in wave-length, it is roughly proportional to the 
first and not to the third power of this value. Besides, the shifts 
calculated from Professor Richardson's equation are from five to 
twenty-five times greater than those given by experiment. Presum- 
ably, then, the assumed structure is not very nearly that of the actual 
atom. However, some modification of it may bring the calculated 
and the observed results much closer together. At any rate this is the 
place where a great deal is needed both of experiment and of theory, 
and every careful experiment and every theory minutely worked up 
must bring us nearer to that important goal — the structure and the 
mechanics of the atom. 

In another part of his paper Professor Richardson considers the 
effect of the magnetic interaction of luminous atoms, based on the 
assumption "that the magnetic field of any atom is not greater than 
that which corresponds to saturated iron," and concludes that this 
action is entirely too small to produce the observed shifts. 

But, since the magnetic permeability and the point of saturation 
of a piece of iron or other substance depends upon its physical condi- 
tion, and upon the extent to which it is alloyed or combined with other 
elements, it does not seem likely that the magnetic intensity of any 
material in bulk is the same as that of its constituent atoms. How- 
ever this may be, it is always safer to rely upon direct experimental 
evidence whenever obtainable, and this I believe we have for the 
luminous atom, as will be explained below. 

Experiment shows that one magnetic field can be acted on by 
another, and no other method of acting on it has been discovered; 
that a magnetic field always accompanies an electric current, and no 
other source of magnetism is definitely known ; and that a moving elec- 
tric charge is an electric current. For these reasons it appears certain 
that the luminous particle, which is influenced by a magnetic field, 
possesses a magnetic field of its own, due to moving electric charges; 
negative, as experiment assures us, in their nature. Besides, we know 
that spectral lines, when produced in a magnetic field, are split up 
into parts, one portion of the line having a greater and another a less 
wave-lenglh than that of the undisturbed line. And this means that 
the electrons are moving in such a manner that their periods may be 
increased or decreased owing to the orientation of the atom to the 
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disturbing field, a condition fully met by assigning to them circular or 
elliptical orbits. 

Therefore assume a structure consisting of one or more circular 
rings of electrons in orbital motion, all rings coplanar and all revolving 
in the same sense around a common axis. The electrons in any 
given ring may be temporarily bunched to some extent or otherwise 
disturbed, but their normal condition will be one of equal angular 
distribution, and of equal angular velocity, as viewed from a point on 
the axis. And all these rings will be inductively bound together, so 
that to change, by means of an external magnetic field, the angular 
velocity of any one is to change in the same sense, but not necessarily 
to the same extent, the angular velocity of every other. 

For the sake of simplicity consider a single such ring of electrons. 
It has been shown by Langevin' that only the angular velocity, and 
not the orbital radius, of such a ring w411 vary when it is placed in a 
field of changing magnetic strength. Therefore the value of its self- 
induction is a constant, and consequently any current induced in it 
is given by the equation 

di 

where E is the induced electromotive force, L the self-induction of the 
circuit, — the rate of change in the current, R the ohmic resistance of 

the circuit, and i the strength of the current. But in this case the 

dN 
circuit consists of only a single turn, and therefore £=-^, or the 

electromotive force is directly proportional to the rate of change of 
the number of lines of magnetic force threading the ring. Besides, 
as the electrons presumably meet with no resistance in their orbits, 

dN 
R=Oj and hence di= j ; that is, the induced current is always 

proportional to the total change in the magnetic flux through the 
circuit, and of the same sign ; and further, every induced current per- 
sists without change so long as the new flux through the circuit is not 
allowed to vary. 

» Journal lie physique (4), 4, 678-692, October 1905. 
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Such a ring of electrons will produce ether vibrations of the wave- 
length X determined by the relation 

where V is the velocity of light, n a numerical coefficient, <o the angular 
velocity of the electrons, S the average strength of the magnetic field 
inclosed by the orbit and due to the moving electrons, and K a con- 
stant whose value is determined by the orbit, the number, and the 
charge of the electrons. But, whether the wave-frequency of the 
spectral lines is the same as the frequency of the orbital revolutions 
of the electrons, or only some multiple or submultiple of it, is imma- 
terial to the subsequent argument, as any change in this particular 
would simply change the value of 5. It is only necessary that the 
wave-frequency be directly dependent upon this orbital revolution, so 
that any changes in the period of this revolution will produce pro- 
portional changes in the wave-frequencies of the spectral lines. 

Since V is either constant or approximately so we get from equation 

(I) 

— ^=KdS . (2) 

Therefore, from (i) and (2), 

d\ dS 

But dS can be obtained by bringing a magnetic field of strength H 
to bear on the particle, in which case (3) becomes 

d\ H . . 

-x= 5 • (^) 

By substituting H for dS in (2) wc get 

d^ r^ 
^-^ = C, a constant. (5) 

But this is the well-known Zecman law, and therefore it appears quite 
likely that the assumed ideal particle is closely akin in structure to 
the actual luminous particle. In general such particles, as the dis- 
tance between them changes, will be mutually afTected inductively. 
When their north poles or their south poles face each other the wave- 
frequency will be increased and the wave-length decreased as they 
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mutually approach, since in this case the induction will be such as to 
increase the current, that is, to increase the orbital speed of the elec- 
trons; but as they recede, like poles still facing each other as before, 
the induction will be such as to increase the w^ave-length. When, how- 
ever, the north pole of one faces the south pole of another, the wave- 
length will increase as they approach and decrease as they recede. 
In all cases, then, the mutual approach of luminous atoms means a 
shifting of their spectral lines to the red or to the violet, as the case 
may be, while their recession is accompanied by a corresponding 
restoration of the lines to their undisturbed positions — their positions 
when the luminous gas is very rare, and the lines narrowest and best 
defined. Presumably, therefore, the widths of spectral lines are due 
in large measure to the mutual induction of their luminous atoms, 
the extent of which action must necessarily be independent of the 
absolute strengths of their magnetic fields. That is, a weak field will 
affect another equally weak field by the same proportion of itself that 
two strong ones similarly situated will affect each other. But if their 
fields are very weak only a nearly symmetrical broadening of the 
spectral lines will be produced, since, in this case, the particles in 
their movements under the influence of temperature will approach 
almost equally close together whether they face so as mutually to 
attract or to repel; that is, so as to increase or to decrease the orbital 
periods of their electrons through induction. If, however, their mag- 
netic fields are strong the effect will be a broadening together with a 
shift of the maximum intensity to the red, since when attracting, and 
thus mutually inducing counter-currents, they will get distinctly 
closer together — each into the stronger portion of the other's magnetic 
field where the induction is correspondingly greater — than they wdll 
when the reverse is the case. 

It remains then to find the strength of their fields, and this is easily 
done by the use of equation (4), in which all the terms except 5 are 
directly measurable. By substituting known values for these terms 
it is found that S =45 Xio', approximately, which is some thousands 
of times that of the most powerful electromagnet; and therefore an 
unsymmetrical broadening or shift of the order measured is to be 
ex])ected. 

Particles with such stron<^ fields, dartin^; about under the influence of 
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temperature, would face each other, and whirl each other about, in 

a manner analogous to that assumed by Ewing' for the molecules of hot 

iron, and to an extent well-nigh independent of the relatively feeble 

field of any electromagnet. An independence of this nature also 

seems to be demanded by the Zeeman effect, since the shifted portions, 

those increased in wave-length and those decreased, of any spectral 

line are of nearly, if not quite, equal intensity. 

Mount Weather Observatory, Va. 
December 1907 

* Magnetic Induction in Iroft and Other Metals, p. 334. 



NOTE ON THE DIFFERENCE BETWEEN ANODE AND 
CATHODE ARC-SPECTRA 

By W. J. HUMPHREYS 

It was noticed long ago, by Lockycr among others, that the spec- 
trum produced by an electric arc depends in part upon the portion of 
the arc examined. This difference, which may be very pronounced 
when the regions near the opposite poles are contrasted, has been 
studied by Thomas,' Baldwin,^ Foley,^ and Beckmann.'* 

While their results differ in minor details, due no doubt to differ- 
ences in the poles used and in the methods of observation, they all 
agree in the essential point: that is, that, other things being equal, 
the metallic lines are most pronounced near the negative pole and 
least conspicuous near the positive pole. Further, they all agree 
in attributing the difference in the spectra of the two poles to unequal 
concentration of the material producing the lines, but they do not 
agree as to the cause of this unequal concentration. The first three 
attribute it chiefly to an electrolytic action in the arc, causing the 
electropositive particles to accumulate on and around the negative 
pole. Foley decides positively for electrolysis, but claims that con- 
vection currents due to heated gases may even mask the true elec- 
trolytic process. 

On the other hand, Beckmann declares against electrolysis. He 
claims that if there is electrolysis in the arc, then, when the poles 
contain both potassium and manganese, the potassium must appear 
at the negative pole and the manganese at the positive. But he says 
that he found no such separation, and that therefore electrolysis is 
absent; that only convection, diffusion, and distillation are involved, 
and that sometimes the one and sometimes the other, as circumstances 
are changed, must predominate. 

' Comptes Rend us, 119, 72S, iSg4. 

« Physical Review, 3, 370 and 44S, iSg^). 

3 I hid., 5, I2g, 1S97. 

4 /.eitschrijt }ur iL'isseiischajtliche Photoi^niphie, 4, 335, 1906. 
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I had often noticed differences in the intensity of the metallic 
lines from regions near the two poles, and a few months ago examined 
them more minutely. Carbon poles with only impurity traces of 
metals were used, with the view of making the contrast as distinct as 
possible. WTien either pole is heavily charged with one or more 
metals or their salts, the entire arc becomes filled with metallic vapor, 
probably as a result of distillation, sputtering, convection currents, 
etc., and contrast between the spectra of the two electrodes is not 
marked. When both poles are so filled there is practically no differ- 
ence between their spectra. Under such circumstances it is quite 
likely that minute particles of the salt or metal fill the arc, and that 
each, being conducting, is on one side the terminus and on the other 
the origin of a small arc; that is, it carries with itself both a positive 
and a negative pole, so that the whole arc is made up of a great number 
of infinitesimal arcs that utterly prohibit a study of the contrast 
between the two poles. Probably, however, this condition is reduced 
to a minimum when carbon poles with mere traces of metals, or their 
salts, are used. At any rate, poles of this nature give very marked 
contrasts in their spectra. 

My observations were made with a large Rowland concave grating, 
and the trouble from astigmatism was practically avoided by forming 
an image of a long arc on a screen standing against the sHt, with two 
small but equal holes in it ; one just within the image of the positive 
pole, the other just wdthin the image of the negative. These tw^o 
sources gave each its own spectrum, and by using the first order they 
were kept from overlapping. Everything was therefore the same for 
the two spectra except the sources of the light. 

The poles contained traces of aluminium, calcium, chromium, 
iron, manganese, silicon, strontium, and titanium; all of w^hich 
showed many times stronger near the negative pole than near the 
positive. On the other hand, the cyanogen bands and the solitary 
carbon line were more pronounced at the positive pole. 

My observations therefore are in general accord with those of 
others, but I cannot agree with them as to the sufficiency of their 
explanations of the reason of this difference, which really seems to 
suggest w^hat is one, and it may be the only, exciting cause of sj)cctrum 
lines. 
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It is shown by J. J. Thomson in his Conduction of Electricity 
through Gases that presumably the arc consists mainly of negative 
corpuscles moving with great velocity from the negative to the positive 
pole, together with an approximately equal number of positive ions 
moving much more slowly in the opposite direction. The principal 
part of the current then is due to the negative corpuscles that leave 
the negative pole, ionize the gas of the arc mainly next the positive 
pole, and finally by their bombardment keep the positive pole itself 
hot. The positive ions, in a similar manner, heat the negative pole — 
the most important condition for the maintenance of the arc. 

Of course convection, diffusion, and distillation must enter as 
factors in the distribution of material in the arc, but the positive 
'* rest-atoms,'' in whatever part of the arc they appear, drift under the 
voltage applied toward the negative pole, in the neighborhood of 
which they are met more frequently than elsewhere by the negative 
corpuscles, and that, too, in their first and violent rush from the 
cathode. The negative corpuscles of course, so long as they are free, 
move toward the anode, but while some may go on for a time undis- 
turbed, others will be slowed up or even unite with positive charges, 
so that the combined energy of the stream of corpuscles grows less 
and less as the positive pole is approached. 

The location of the strongest part of the spectrum lines next the 
negative pole is thus assumed to be due to the presence there of the 
greatest number of negative corpuscles with velocities capable of 
producing spectrum disturbances in the positive ''rest-atoms," and 
possibly, but by no means certainly, to an accumulation in the same 
place of the '' rest-atoms/' themselves. The mere process of ioniza- 
tion, if the structure of the arc is correctly assumed, cannot produce 
spectrum lines, since they are least conspicuous near the positive pole, 
where this phenomenon is most pronounced. 

The fact that the negative part of the arc is more concentrated 
than the positive also tends to emphasize the difference between the 
anode and cathode spectra, especially when the slit of the spectrom- 
eter is parallel to the length of the arc, since in this case a larger 
proportion of the total light from the negative pole will get through 
the slit than of that from the positive. However, the same differ- 
ence, though apparently less pronounced, persists when the light from 
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sections at right angles to the arc, but near the poles, is integrated with 

a concave grating. 

It would appear then that one, and it may be the only, origin 

of spectrum lines is the shocks of "rest-atoms" by swiftly moving 

negative corpuscles. 

My experiments were made in the physical laboratory of the 

University of Virginia, and I thank Professor Smith and President 

Alderman for their kindness in placing its facilities at my disposal. 

Mount Weather Observatory 
Bluemont, Va., December 1907 



THE TOWER TELESCOPE OF THE MOUNT WILSON 
SOLAR OBSERVATORY' 

By GEORGE E. HALE 

In a previous paper' I have outlined some of the conditions to be 
met in designing a fixed telescope for solar research. The change of 
figure of the mirrors on exposure to the sun, and the disturbance of 
the definition caused by heated currents of air rising from the ground, 
are the principal difficulties encountered. Since exposure to sunlight 
ordinarily produces actual bending of the mirrors, the use of very 
thick disks is naturally suggested. Again, since currents of warm air 
rising from the earth rapidly become mixed with cooler air at higher 
levels, a point of observation even 50 or 60 feet above the ground 
ofi"ers ver>' definite advantages. Accordingly, the design adopted and 
described in my paper consists of a coelostat with very thick mirrors, 
mounted at the summit of a skeleton steel tower about 65 feet in height. 
The second mirror used with the coelostat stands near the center of 
the tower and sends the beam vertically downward through a 12-inch 
(30.5 cm) visual objective, by Brashear, of 60 feet (18.29 ^) focal 
length (Fig. i). The image of the sun is thus formed by this objective 
at a point about 5 feet (1.5 m) above the level of the ground, w^ithin a 
small building standing at the base of the tower. 

It will be seen that the arrangement described comprises the follow- 
ing points of advantage: (i) great thickness of mirrors, to reduce 
astigmatism and rapid change of focal length ; (2) the use of an objec- 
tive, instead of a concave mirror (as employed in the Snow telescope), 
giving the shortest possible path between the coelostat and the focal 
plane and greatly decreasing the change of focal length experienced 
with a concave mirror; (3) the use of a vertical Ix^am of light, with 
less probability of disturbance across the wave-front than in the case 
of a horizontal beam. Moreover, this type of telescojx? is well adapted 
for use in connection with an underground laboratory, in which power- 

' Contributions from the Mount Wilson Solar Observatory, Xo. 23. 
^Contributions jrom the Solar Observatory, No. 14; Astrophysical Journal, 2$ 
68-74, 1907. 
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ful spectrographs and other instruments requiring constancy of tem- 
perature and freedom from vibration can be mounted. 

Soon after the publication of the paper cited, a special grant from 
the Carnegie Institution permitted the construction of the "tower" 
telescope to be undertaken. On account of the great pressure of 
work in our own instrument shop, it was not feasible to construct here 
the coelostat and the mounting for the second mirror and objective, or 
the Littrow spectrograph. Accordingly, the former were built by 
Brashear, and the spectrograph by Gaertner, from our working 
drawings. The steel tower, purchased from the Aermoter Company 
of Chicago, was set up on Mount Wilson last July. The coelostat 
mirror, 17 inches (43.2 cm) in diameter and 12 inches (30.5 cm) 
thick, and the elliptical mirror, also 12 inches thick, with major axis 
of 22J inches (56.5 cm) and minor axis of i2f inches (32.4 cm), 
were both made in our optical shop under the direction of Mr. Ritchey. 
All of the other parts of the instrument, including the platform at the 
summit of the tower, the rails on which the coelostat carriage slides, 
the vertical shaft and driving mechanism for moving the 12-inch 
objective (when the instrument is used with a spectroheliograph), the 
house at the foot of the tower, supports for the spectrograph, etc., 
were built by our own workmen. 

Plate XII is reproduced from a photograph of the tower telescope.' 
In the original design an outer tower, covered with canvas louvers, 
was provided to protect the inner one from the wind. However, on 
account of the importance of avoiding convection currents, which 
might result from heating of the outer tower, it was thought best to try 
the ex[KTiment of using the inner tower alone, without wind protection. 
This has proved so satisfactory that it is hardly likely the outer tower 
will be added. In a windy country a single tower would not be stable 
enough, but on Mount Wilson, where the average wind velocity during 
the best observing hours, es])ecially in summer, is very low, the present 
arrangement seems likely to sullke. The use of a number of steel guy 
ropes is of course essential. 

» This pliotograph was taken from a point northeast of the tower, and shows the 
Snow telescoj)e house in the background The small shelter standing on the south 
side of the platform at the ^ummit of the tower is placed over the coelostat when the 
telescope is not in use. 
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Fig. I shows, in general outline (from the north), the arrangement 
of the apparatus at the summit of the tower. The coelostat carriage 
stands on rails, which permit it to be moved north and south. As the 
best definition is obtained with the low morning or afternoon sun, the 
apparatus is designed to give the greatest efficiency at such times. 
When observing the morning sun, the coelostat stands on the west 
rails, its position in a north-and-south line being determined by the 
declination of the sun for the date in question. When it is to be used 
for afternoon observations, the coelostat is transferred, by means of a 
carriage rolling on east-and-west rails, to the rails east of the second 
mirror. The second mirror is then turned so as to face the coelostat 
mirror, and the beam sent vertically downward as before. 

The object-glass, which stands just below the second mirror, is 
mounted in a support which can be moved vertically, for focusing, by a 
steel tape controlled by a hand-wheel near the focal plane (Plate XIII). 
It can also be moved in an east-and-west direction by means of a 
screw connected with a vertical shaft driven by an electric motor in 
the house at the foot of the tower.' The image of the sun can thus be 
made to move at a uniform rate across the collimator slit of a spectro- 
heliograph, the same motor being employed to move the photographic 
plate, at the same rate, across the camera slit. 

Plate XIII shows the slit-end of the 30-foot spectrograph, in the 
house at the base of the tower. The underground chamlxT in which 
the spectrograph stands is a circular well, 8 J feet (2.6 m) in diameter 
and 30 feet (9.1m) deep. The walls are built of concrete and contain 
several layers of building paper, heavily coated with tar, to make them 
perfectly water-tight. Having once been thoroughly dried out, the 
walls have since shown no traces of moisture. 

The spectrograph has proved to ])g an extremely satisfactory instru- 
ment. It is of the Littrow or auto-coll imating type, and the construc- 
tion is very simple. A slit, 2 inches (51 mm) long, is mounted at the 
end of a short tube at the center of the circular iron casting which 
forms the upper extremity of the instrument. This casting is con- 
nected with another iron casting at the bottom of the underground 
chamber by means of a skeleton steel tube (F'ig. 2). The lower cast- 

* The vertical shaft appears in the drawing and j)hotograph, l)Ut many of the 
details of the connections are not shown. 
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— Section thrtiugh underground 
chamber beneath Tower. 



ing terminates in a hemis- 
pherical head, which rests 
on a cast-iron support 
mounted on a concrete pier. 
Thus the spectrograph can 
easily be rotated about a 
vertical axis,' by means of a 
gear-and-pinion attached to the 
iron ring which defines the 
position of the upper casting 
(Plate XIII). A large divided 
circle permits the position angle 
of the slit to be read. 

Light from the solar image, 
after passing through the slit, 
falls on a 6- inch (15.2 cm) 
visual objective, by Brashear, 
of 30 feet (9.1 m) focal length, 
mounted near the lower end 
of the skeleton tube (Fig. 2). 
This lens can be moved ver- 
tically for focusing, by means 
of a rod terminating near the 
slit. The grating, mounted in 
a support just below the ob- 
jective, can also be rotated from 
above by a similar rod. Scales 
giving the position of the ob- 
jective and the angle of the 
grating can be read with a small 
telescope from the upper end of 
the instrument by the aid of 
electric illumination. 

I This axis is actually inclined a 
few degrees from the vertical, to 
afford space for the 30-foot spectro- 
heliograph, which will occupy a sym- 
metrical position on the east side of 
the well. 
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The image of the spectrum is formed on a plate 17 inches (43 cm) 
long, carried in a plate-holder which can be moved parallel to itself, 
by rack-and-pinion, so as to permit a large number of narrow spectra 
to be photographed side by side. The width of the exposed portion of 
the plate is defined by two adjustable bars, standing a short distance 
in front of the plate, and independently movable by rack-and-pinion. 
The plate is shielded from reflected light by a bar placed across the 
collimating-camera objective. The plate-holder can be inclined so as 
to make an angle greater than 90° with the incident beam, but with 
the visual objective employed this is necessary only in the violet. 

The spectrograph is furnished with several pieces of auxiliar)^ 
apparatus, including a device for bringing to the slit light from oppo- 
site ends of a solar diameter (employed in spectrographic observa- 
tions of the solar rotation) ; a similar device permitting spectra of the 
center and the limb of the sun (or some ix)int lying between limb and 
center) to be photographed simultaneously; and a moving plate- 
holder, with two slits, which permits the spectrograph to be converted 
into a spcctroheliograph. 

The first tests of the tower telescope showed that rapid changes of 
focal length need not be feared. In the Snow telescope these changes 
are very different on different days, and frequently amount to several 
inches after the mirrors have Ixen exix)sed ten minutes to the sun. 
Moreover, the focal length is increased by such exposure, which would 
naturally be the case if the heating caused the mirrors to become con- 
vex. A considerable part of the effect is doubtless to \yc attributed to 
the distortion of the concave mirror, but the change of figure of the two 
plane mirrors is also an important factor, as is demonstrated by the 
marked evidences of astigmatism presented by the solar image after 
continuous exposure of the mirrors. In the case of the tower telescope, 
when used in the early morning, there is no appreciable change of 
focal length after the mirrors have Ixen exposed to the sun for about 
half an hour. Later it apjxars that the focal length is gradually 
decreasing, and by noon, after continuous use of the instrument, the 
change may amount to from four to six inches. In the after loon the 
focal length increases, finally returning to the early morning valuu. 

It is evident that the conditions here are very different from those 
encountered in the case of the Snow telescope. In fact, ex|X)sure to 
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sunlight seems to have very little influence on the figure of the mirrors, 
which continues to change in the manner above outlined even when 
both mirrors are shielded from the sun. The observ^ed change of 
focal length must then be due to the change in temperature of the air. 
With such thick mirrors, the gradual heating of the air during the 
morning hours would result in expansion of the edges, causing the 
front and rear surfaces to become concave. This would produce 
astigmatism w^hich, however, has not yet been noticed before eleven 
o'clock in the morning, and is not serious until a later hour. Thus the 
changes in the image arc not of such a character as to give serious 
trouble, since the definition holds wtII during several hours and the 
change of focal length is slow enough to permit long exposures to 
be given. Hence the purpose for which the telescope was built has 
been accomplished. Nevertheless, the evidence goes to show that 
the mirrors are thicker than they should be, and for this reason their 
thickness will probably be reduced as soon as circumstances permit. 

The second point to be considered is the quality of the image as 
affected by the condition of the air about the telescope. To test this, 
simultaneous observations have been made on several occasions with 
the Snow and the tower telescopes. In order to make the tests as fair 
as ix)ssiblc, the aperture of tlie Snow telescope was stopped down to 
12 inches, and the mirrors were ex])osed to the sun for so short a time 
as to obviate any such effects of poor definition as w^ould arise from 
their change of figure. In all cases it has been found that the tower 
telescope gives a more sharply defined image, the improvement in the 
"seeing" being from one to two points on a scale of ten. With the 
Snow telescope, all of the work recjuiring good definition must be done 
within a ])eriod of about an hour in the early morning or late after- 
noon. With the tower telescope, the dcfmition is excellent during a 
much longer period. In fact, except for an interval near noon, this 
instrument can be kept in active use throughout the day for observa- 
tions of an exacting nature. 

The great focal length of the 30-foot s|)ectrograph has also proved 
highly advantageous. The only grating available for work in the 
higher orders is a 4- inch (10.2 cm) Rowland, formerly employed at 
the Kenwood and Verkes observatories, and used on Mount Wilson 
in all of our observations with the* 18-foot (5.49 m) Littrow sj^ectro- 
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graph. In my experience in photographing sun-spot spectra, which 
began at the Kenwood Observatory in 1891, I have used this grating 
in spectrographs of 42 J inches (1.08 m), 7 feet (2.13 m), 18 feet 
(S . 49 m), and 30 feet (9.1m) focal length. A decided gain has invari- 
ably resulted from each increase of focal length, even in the spectra 
of the third and fourth orders. The grating is not a perfect one, but 
its definition may be called good. In the 30-foot spectrograph of the 
tower telescope the ruled surface, being but 53 x83 mm, of course 
receives only a small part of the light from the 6-inch objective, which 
is completely filled by the solar beam. In spite of the long exposures 
thus required, our recent photographs of sun-spot spectra, though 
taken under the imfavorable atmospheric conditions of November and 
December last, are decidedly superior to those obtained with the 
18-foot spectrograph and the Snow telescope during the best observing 
period last summer, when much larger spots were available. The photo- 
graphs reproduced in Plate XIV, on Rowland^s scale, were widened 
with a pendulum apparatus which does not retain the full sharpness 
of the original negatives. A more perfect device, now under construc- 
tion, will be used in making the enlargements required for our new 
map of the spot spectrum. This is to replace the preliminary map, a 
few copies of which were distributed last year to observers taking part 
in the co-operative study of sun-spot spectra initiated by the Inter- 
national Solar Union. 

The photographs not only show many new spot lines; some of 
them also bring out for the first time bright reversals similar to those 
observed visually by Mitchell. Since such reversals may prove of 
great importance in the interpretation of spot spectra, they will receive 
careful attention. 

Besides serving for the photography of spot spectra by Mr. Adams 
and myself, the tower telescope has enabled us to continue and extend 
our comparative study of the spectra of the limb and center of the sun. 
Moreover, the remarkable results obtained by Mr. Adams in his 
spectrographic determination of the rotational motion of hydrogen in 
the sun' were derived from photographs made with the 30-foot spectro- 
graph. As for work with the six^ctroheliograph, I have been confined, 
pending the completion of the 30-foot instrument, to preliminary 

« Contributions from the Mount Wilson Solar Observatory, Xo. 24. 
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experiments with the spectroheliograph attachment of the 30-foot 
spectrograph. With the aid of a 5-inch grating, which is very bright 
in the first order, I have secured a few photographs of sun-spot regions 
with iron and hydrogen lines. These show that a long-focus spectro- 
heliograph of the Littrow form w^ill give excellent results. The use of 
two camera slits, permitting photographs of the same region to be 
taken simultaneously with different lines, has been tested and found 
to be very satisfactory. This method is indispensable for accurate 
comparisons of the forms and positions of the flocculi of different 
elements, and will find many applications in our future work. 
February 1908 



PRELIMINARY NOTE ON THE ROTATION OF THE SUN 

AS DETERMINED FROM THE DISPLACEMENTS 

OF THE HYDROGEN LINES' 

By WALTER S. ADAMS 

In the course of the investigation of the relative displacement of 
the spectrum lines at the sun's limb, first found by Halm,* and con- 
firmed by Professor Hale and myself, a number of plates have been 
secured including the principal hydrogen lines in the visible spectrum. 
Since hydrogen extends to a great height in the solar atmosphere, 
it seems probable that the vapor which contributes to the formation 
of the hydrogen lines in the solar spectrum lies at a generally higher 
average level than that giving rise to the greater part of the Fraunhofer 
lines. Accordingly, if the displacements at the sun's limb are due to 
pressure, and our results show this almost certainly to be the case, 
the hydrogen lines might be expected to show smaller displacements 
than the majority of the Uncs in the spectrum. To test this question 
a number of measures upon Ila have been made, and the displace- 
ments have, in fact, been found to be extremely small, the mean 
value derived from several plates amounting to less than o.ooi 
Angstrom. 

In addition, however, to furnishing results for the pressure-shifts 
of the hydrogen lines at the sun's limb, the measures of the plates 
give the displacements due to the rotation of the sun. Since 
each exposure consists of a spectrum of the limb with a spectrum of 
the center of the sun on either side for reference, and points on the 
limb i8o° apart are taken alternately, it is evident that if S is the 
displacement between center and west limb, for example, and S' the 
displacement between center and east limb, both taken regardless of 
sign, 

2 

« Contributions Jrom the Mount Wilson Solar Observatory, No. 24. 
* Astronomische Nachrichten^ 173, 273, 1907. 
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will be the shift due to pressure, and 

2 

will be the shift due to the rotation of the sun. When the values of 
8+8' for Ha and for the other lines measured were compared, the 
interesting result was found that in the case of //a, 8-|-8' was con- 
siderably larger than for the other lines in its vicinity. Since the 
plates available were necessarily taken at latitudes on the sun defined 
by the directions in which the image of the sun could be moved across 
the slit of the spectrograph, it seemed desirable to continue the work 
with apparatus which would make it possible to obtain a greater 
range of latitudes, and accordingly the later plates were taken with 
the regular rotation attachment employed with the 30-foot spectro- 
graph of the tower telescope. With this instrument any desired posi- 
tion angle on the sun's surface may be brought upon the slit by 
motion about a vertical axis. 

In a previous paper* reference was made to the remarkable 
differences in the behavior of the hydrogen lines at the limb of the sun. 
It was found that Ha was much widened and probably strengthened 
at the Umb as compared with its intensity at the center of the sun, 
///3 was similarly affected, though to a less extent, while Hy and //8 
were slightly narrowed and weakened. In sun-spots no such excep- 
tions are found, all of the lines being greatly narrowed and reduced in 
intensity. A few measures upon the widtlis of Ha and Hy at center 
and limb indicate the difference in the behavior of these two lines. 

Width at Center Wiilth at Limb 

• o 

Ha o. go Angstrom 1. 15 Angstrom 

Hy 0.46 0.44 

The width of Ha given in Rowland's table is 0.95 Angstrom, the 
agreement with wliicli is quite satisfactory for measures necessarily 
as difficult as these. 

The plates used in the determinations given here include Ha, Hy, 
and //S. The nature of the line H0 is such as to make it practically 
impossible to use it in work involving accurate measurements. The 
plates of Ha have been made in the second order of the grating, and 

' Hale and A^lanis, L'ontrihutiotis jrom the Solar Observatory, Xo. 17; Astro- 
physical Jounial, 25, 300, Kjo;. 
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those of if 7 and i/8 in the third. In spite of the difference in scale, 
however, the values given by Ha are much the most accurate of the 
three, owing to the quality of the line. In fact, the values for i/7 and 
i/8 are relatively so poor that it is doubtful whether they add appre- 
ciably to the accuracy of the mean result. The complicated structure 
of i/S, owing probably to the presence of foreign lines, is well known, 
and has given rise to an uncertainty in the value of its wave-length 
amounting to o.i Angstrom. The wave-length derived from these 
measures is4ioi.9i. 

The measures have been made by Miss Lasby of the Computing 
Division and myself, and are tabulated separately in order to furnish 
some idea of the degree of accordance attained. It is hardly necessary 
to call attention to the fact that the accuracy is of quite a different order 
from that which can be secured with the sharp and narrow lines of 
the solar spectrum. The difficulties arising from the great width of 
the lines can, if necessary, be overcome to some extent by the use of 
broad wires in the measuring microscope, but those due to haziness, 
compHcations of structure, and lack of symmetry, arc very serious, 
and give great trouble. Fortunately, the lines between which the 
displacements are measured are identical in appearance, and the 
effect of errors of judgment in the estimation of the position of the 
centers of the lines becomes differential rather than absolute. 

In the tables as usual denotes the latitude, and the velocities 
given are in kilometers per second. The values are those which are ob- 
served directly, before reduction for the earth^s motion. The letter L. 
indicates the measures of Miss Lasby and A. those of the writer. 

Plates <» 99, fit) loi, and &> 102 contain in some cases two exposures 
for the same latitude, the mean of which is given in the table. If we 

Ha 



- on. 

9-3- 
14.8. 
22.7. 
29.6. 
44. 5- 
S9-2- 
73-4. 



L. A. I L. A. , L. A. 

2.06 2.08 2.07 2.05 2.14 2.09 



2.01 



1.94 


2.00 


1.96 


1.99 


2.00 


1.99 


1.88 


1. 91 










1.62 


1. 71 


1.85 


1-74 


1.76 


1.76 


1.45 


1-45 


1-51 


1.40 


i.4^> 


1.46 


I 05 


1 .01 


99 


o.g; 


0.95 


1.08 


73 


0.66 


0.66 


0.56 


0.70 


o.s8 
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Hy 






HS 




« 


W99 


« 103 


^ 


Lgg 


u 103 


o?o 

14.9 

29.8 

44.6 

594 

73-^ 


A. 

2.05 
1.89 
1.72 
1.42 
1.07 
0.60 


A. 
2.06 
1.94 
1.65 
1.40 
I. II 
0.66 


o?o 

14.9 

29.8 

44.6 

59-4 

73.6 


A. 

2.05 
1.96 
1.70 

1. 16 

059 


A. 

2.07 

1.98 

1.38 
0.99 
0.58 



assign these values double weight, and form means for the separate 
lines, we obtain the following results: 



I 



Ha 



Hy 



H6 



I km 

- o?i I 2.09 

9-3 1 2.01 

14.8 1.98 

22.7 1 1.90 

29-7 1-75 

44.6 1 .46 

59-3 1 100 

73-5 0.64 



km 
2.05 

1. 91 

1.70 
1. 41 
1.08 
0.63 



I 



km 
2.06 

1-97 

1. 71 

1.44 
1. 10 
0.58 



There seems to be some tendency for Ha to give values larger than 
those furnished by the other two lines, and a result of this sort would 
seem to be by no means impossible in view of the marked difference 
in its behavior as regards width and intensity. Until additional 
material, however, is available, particularly for Hy and ifS, it is 
hardly justifiable to consider this difference in velocity as real, or to 
draw conclusions from it. 

The result of forming a general mean of all the observations is 
given in the tabic below. The column v-\-Vi gives the linear velocity 
corrected for the earth's motion, and f as usual denotes the angular 
velocity. The period in days corresponding to the angular velocity 
is given in the succeeding column. It is evident that the points at 
latitudes c)?3 and 22?7 are of very low weight, the first being based 
upon only a single measure, and the second upon but two. The 
last two columns give the values of the angular velocity and the 
period for the reversing layer, and are taken from an earlier paper on 
the rotation of tlie sun.^ 

' A<kim>, Contributions from the Solar Obscrviitor\\ No. 20; Astrophysical Jour- 
nal, 26, 20^-24, 1907. 
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V+ V, 



Period 


i' 


daj-s 




22.9 


i4?7 


23.2 


14.5 


23 4 


14.4 


231 


13.9 


23s 


'^•7 


23 -4 


12.8 


23.1 


12.2 


21.6 


II. 8 



Period 



- ori 

9-3 
14.8 
22.7 
29.7 
445 
59-3 
73-5 



km 
2.07 
2.01 
1.96 
1.90 

1-73 
1.44 
1.04 
0.63 



km 
2.21 

2.15 
2.10 
2.03 
1.87 

1-55 
1. 12 
0.67 



km 



IS- 
IS 
IS 
IS 
IS 
15 
15 
16 



days 

24. S 
24.8 

2S-9 
25 9 
26.3 
28.1 
29s 
30s 



Two important conclusions are at once evident from an examina- 
tion of these results. The first is that the rotational velocity of the 
hydrogen gas is decidedly higher than that of the general reversing 
layer, amounting at the equator to 1° in the angular motion. A 
result of this kind was perhaps to be expected in view of the differences 
found among the different lines studied in the previous investigation.' 
It was there shown that lines due to lanthanum and cyanogen, both 
of which are known to lie at a low level in the solar atmosphere, gave 
consistently small values for the rotational velocity, although the 
difference was slight. Similarly, two or three other lines gave system- 
atically large values. The conclusion seems to be unavoidable that 
what we may call the '* effective" level of the vapors, the integrated 
action of which gives rise to the hydrogen lines at the sun's limb, lies 
very high in the sun's atmosphere, and that at this higher level the 
angular velocity is considerably greater than in the region close to the 
photosphere. 

A second conclusion to be drawn from these results is also of great 
importance. It is that at the level of the hydrogen gas at which the 
spectrum lines are formed the law of the sun's equatorial acceleration 
has ceased to hold. An examination of the table shows that the values 
of I for the various latitudes, with the possible exception of 73? 5, are 
constant to within less than might perhaps have been expected from 
the internal agreement of the measures. Even at the highest latitude 
the value of the angular velocity is so sensitive to a slight difference 
in linear velocity that the discordance in the value of f is by no means 
excessive. In fact, a difference in the value of v +Vi of less than 0.05 
km would be sufficient to bring the value of f into agreement with 
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the results for the other latitudes, and such an error would not be at 
all abnormal in determinations of this sort. 

The rather fundamental character of these results will, of course, 
lead to a continuation of the investigation, and to an extension of the 
measures to include lines of other elements, particularly sodium, and, 
if possible, calcium. In some such way it would seem not improbable 
that an upper limit may be set to the region within which the law 
of the sun^s equatorial acceleration continues to hold. 

Mount Wilson, California 
February 1908 



PRELIMINARY NOTE ON THE ROTATION OF THE SUN 

AS DETERMINED FROM THE MOTIONS OF THE 

HYDROGEN FLOCCULP 

By GEORGE E. HALE 

The first photographs of the hydrogen flocculi were taken with the 
Rumford spectroheUograph of the Yerkes Observatory in May 1903. 
Several reproductions of negatives obtained during that year, accom- 
panied by a brief discussion of the nature of the flocculi, were pub- 
lished in a paper on the Rumford spectroheliograph by Mr. EUer- 
man and myself.^ With the instrument employed, it was then pos- 
sible to photograph only comparatively narrow zones of the solar 
image by hydrogen Hght. For this reason the study of the hydrogen 
flocculi was necessarily confined to their physical nature and their 
relationship to other solar phenomena. 

The completion of the Snow telescope and the 5-foot spectrohelio- 
graph made it possible to include systematic records of the hydrogen 
and iron flocculi, in addition to those of calcium, in the daily series 
of photographs commenced on Mount Wilson in October 1905. 
Since the entire solar image is shown in all photographs of this series, 
the negatives are suitable for the determination of the heliographic 
positions and daily motions of the hydrogen flocculi. Two heavy 
flint-glass (Schott No. 0.102) prisms, each of 63° 29' angle, are 
employed in the spectroheliograph, with collimator and camera objec- 
tives of 5 feet (152 cm) focal length, giving sufficient dispersion to 
permit good photographs to be made with the H^ line. On account 
of the demands of the routine work, comparative studies of the hydro- 
gen flocculi with the Ha, 11^^ and Hy lines were i)osti)oned until the 
30-foot spectroheliograph of the tower telescope could be applied to 
this purpose. 

The material available for the determination of the motions of the 
hydrogen flocculi comprises a large collection of photographs, cover- 
ing the period from October 1903 to the present date. On every 

' Contributions jrom the Mount Wilson Sohir Observatory, No. 25. 
* Publications oj the Yerkes Observatory, Vol. Ill, Part i. 
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clear day hydrogen photographs are made both in the early morning 
and the late afternoon. It is fortunate for the present purpose that 
no greater time-interval separates the successive plates, since the 
rapid changes in form of the hydrogen flocculi make the identification 
of objects for measurement the most difficult part of the investigation. 
These rapid changes are associated with proper motions much larger 
than those observed in the case of the calcium flocculi. It was partly 
for this reason that a systematic study of the hydrogen flocculi was 
deferred until the completion of an extensive investigation of the 
calcium plates. The difficulties of identification and measurement 
offered by the calcium flocculi, while much less serious, afford just 
the practice required in preparation for work on the hydrogen plates. 

A few identifications and measurements of hydrogen flocculi were 
nevertheless made in order to test the available material, and to 
ascertain its fitness for work on the solar rotation. This preliminar}'' 
examination of the plates left no doubt as to the rapid changes of 
form and the large proper motions peculiar to the hydrogen flocculi. 
It also indicated that the rotational velocities, at least in the higher 
latitudes, would probably be greater than in the case of the calcium 
flocculi. 

After Mr. Adams^ recent spcctrographic work had shown the high 
equatorial velocity of hydrogen, as determined by the relative dis- 
placement of lines observed at points very near the east and west 
limbs of the sun, it became a matter of great interest to continue, 
along two entirely independent lines, the investigation of the rotational 
motion of this ga.s. Accordingly, Mr. Adams extended his observa- 
tions to higher latitudes, with the extremely interesting results given 
in another paper.' At the same time Miss Ware undertook the 
measurement, with the heliomicrometer, of a sufficient number of 
hydrogen plates to afford a preliminary determination of the motions 
of the flocculi. Although a much more extensive study will be re- 
quired to give definitive results, there seems to be no doubt that 
the motions of the hydrogen flocculi ditTer appreciably from those of 
the calcium flocculi, and indicate the operation of a different law of 
rotation. 

I Adams, Conlribuiions from the Mount Wilson Solar Observatory^ No. 24, AsirO' 
physical Journal, 27, 213, 1908. 
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The results given below were derived from 547 measures of hydro- 
gen flocculi on 20 diflferent plates, the numbers and dates of which 
are given in Table I. The interv-als separating the successive plates 

TABLE I 



Plate 
No. 


Date 


Plate 
No. 


1 Plate 
Date 1 j,'„. 


Date 




1906 




1906 


1906 


507 


July I, 6 :5s A. M. 


867 


Aug. 24, 6:43 A. M. 1086 


Sept. 21, 4:38 P. M. 


510 


July 1,5:30 P.M. 


868 


Aug. 24, 5:16 P. M.| 1090 


Sept. 22, 7: 14 A. M. 


SM 


July 2,6:40 A.M. 


874 


Aug. 25, 6:36 A.M. ' T907 


516 


July 2, 5:37?. M. 


881 


Aug. 26, 6:59 A. M., 2392 


July 30, 7:08 A. M. 


519 


July 3,6:38 A.M. 885 


Aug. 26, 5 : 24 P. M. 2396 


July 30, 5:46 P. M. 


854 


Aug. 23, 6:28 A. M. 


1075 


Sept. 20, 4:47 P. M.| 2429 


Aug. 3,6:37 A.M. 


861 


Aug. 23, 5:16 p. M. 


1080 


Sept. 21, 6:53 A. M. 2433 Aug. 3, 5:36 P. M. 



varied from 10 to 14.5 hours. In the case of three photographs 
(Nos. 1080, 1086, and 1090), taken within an interval of about twenty- 
four hours, two of the plates showed the presence of systematic 
errors, the latitudes of corresponding points differing by amounts 
which increased regularly from the equator toward the north pole, 
and decreased in the same regular manner toward the south pole. 
As it was evident that the effect must be due to errors in the orienta- 
tion of the plates, values for the orientation, differing i.o and 1.5 
respectively from the calculated values, were assumed. The magni- 
tudes of these corrections were so chosen as to eliminate the observed 
systematic de\'iations in latitude. In applying these corrections, no 
attention was paid to their effect upon the longitudes. If we omit 
the measures of the flocculi secured with the aid of these plates we 
obtain the values of ^ given in the fourth column of the table.' 

Table II gives the number of measures of hydrogen flocculi in 
five-degree zones, and the mean angular rotations, f , reduced from 
synodic to sidereal values. The means combine the results for corre- 
sponding zones in the northern and southern hemisplieres. The 

» The orientation of spcctroheliograph plates made with the Snow telescope is 
determined by the aid of test plates, on which the solar image is photographed several 
times after being allowed to drift a certain distance between successive exposures. 
These test plates are made for various settings of the coeiostat (east and west) and 
second mirror (north and south), the y)osilions being determined by the aid of scales 
provided for the purpose. It has occasionally ha])i)ened, as in the present instance, 
that a test plate, for the particular settings of the two plane mirrors, was not made 
within a sufficiently short interval of the actual time of observation, thus introducing 
such an error of orientation as that mentioned above. 
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TABLE II 



Zone 



Hydrogen (H«) 



Calcium (H,) 



No. of 
Measures 



No. of 
Measures 



o± 5 
± 5 ±io 
±io ±15 , 
±15 ±20 
± 20 ± 25 
±25 ±30 
±30 ±35 
±35 ±40 
±40 ±45 



91 
77 
95 
73 
71 
65 

23 
19 



M-3 


14.4 


14.4 ' 


14.6 


14.6 


14.7 


14.5 1 


14-5 


M 7 , 


14.7 


M 7 


14.6 


14.9 


150 


14.6 


150 


14.4 


14 3 



232 

262 

317 

326 

259 

153 

99 

26 

6 



14.5 
14.3 
14.3 
14.2 
14.2 
14. 1 
13.8 
139 
132 



fourth column (|') has already been explained. In the next two 
columns are given, for comparison, the number of measures in each 
zone and the values of | derived from the measurement of 1,680 
calcium (HJ flocculi on 51 negatives taken with the Snow telescope 
and 5 -foot spectroheliograph, during the period June i8-September 
22, 1906. These are the preliminary results of a study of the motions 
of the calcium llocculi, which involves the measurement of about 30 
more jjlates, now nearly comj)leted by Miss Ware. The last column, 
I", contains the results for calcium obtained with the same number 
of measures used for hydrogen (except in the zone 4o°-45°, where 
only 6 measures were available). The internal agreement of the 
measures indicates that these means for the calcium flocculi are, in 
general, about twice as i)recise as those for the hydrogen flocculi. 

All of the work of measurement has been done with the heliomi- 
crometer/ In the case of calcium, settings are made with the cross- 
hairs on llocculi previously identified by comparison with the preced- 
ing or following plate. The hydrogen flocculi otTer greater difficulties, 
not only because of their ra])id changes, but also because of their 
small contrast on the photographs. Two negatives are compared 
in the Zeiss stereocomparator, with the aid of the monocular attach- 
ment. Great pains are taken in making the identifications, all doubt- 
ful cases being rejected. Small nuclei, which are rather darker than 
the average flocculi, seem to be the most j)ersislent objects, and are 
usually selected for measurement. These are marked on the glass 

" Halo, Contributious from the Solar ()hseri\itory\ Xo. lO; Astrophysical Journal, 
25, 2()^, lyo;. 
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side of the negative with dots of ink, and the positions of these dots 
are measured with the heliomicrometer. The flocculi themselves 
are too faint for measurement, and the errors due to large proper 
motions are far greater than any which can arise from this procedure. 

In the case of the calcium flocculi the existence of the equatorial 
acceleration is clearly evident. The hydrogen flocculi, however, 
show no systematic variation of | with the latitude. As already 
remarked, the hydrogen measures are less reliable than those of cal- 
cium, because of the inclusion of a much smaller number of flocculi, 
larger proper motions, and more rapid changes of form. We may 
therefore take the mean value of | for all the zones (i4?6) as a pro- 
visional determination of the daily angular motion of the hydrogen 
flocculi. 

The provisional results here given for the motions of the hydrogen 
flocculi, though of rather low weight, are of importance when taken 
in connection with Mr. Adams' spectrographic determinations.' 
Both methods agree in showing that the hydrogen in the sun does 
not share the equatorial acceleration observed in the case of sun- 
spots, faculae, calcium flocculi, and reversing layer. The simplest 
way to account for this difl"erencc is on the assumption that the 
hydrogen whose motion is measured lies at a higher level. As this 
raises the question of the nature of the flocculi and their levels as 
compared with those of the spots and faculae, it may be advantageous 
to review briefly the evidence afforded by existing observations, and 
to mention some of the observations required to clear up obscurities. 

Let us first consider the calcium flocculi photographed with the 
spectroheliograph when the camera slit is set on one of the bright 
lines Hj or K^ (Plate XV). With radial slit these bright lines project 
at the limb well into the chromosphere, retain considerable width 
for a few thousand miles, and then narrow down to the width of H3 
and K3. Since H^ flocculi frecjuently cover sun-spots, and are some- 
times photographed as ])rojcctions at the sun's limb, we may safely 
say that their average level is that of the lower chromosf)hcre. The 
photometric measurement of the relative intensities of H^ flocculi 
and the adjoining photosphere, at various distances from the limb, 
should assist in defining their level more closely. 

* Loc. cit. 
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When the camera slit of a spectroheliograph is set on H, or Ki, 
bright regions, smaller in area and finer in detail than the H, flocculi, 
appear on all parts of the solar disk (Plate XVI). The forms of these 
Hi flocculi agree closely with those of the faculae in direct photographs 
of the sun, and it is still uncertain in what relative degree the contin- 
uous spectrum of the faculae and the light of the low-lying dense 
calcium vapor contribute toward their formation. To settle the 
question the following methods may be used: (i) Comparisons of 
the forms and positions of Hi flocculi and faculae, photographed 
simultaneously with a spectroheliograph having two camera slits; 
(2) Photometric determinations of the intensity-curves of Hi and Ki 
in photographs of the spectra of faculae and the adjoining photo- 
sphere; (3) Photometric measurements, on spectroheliograph plates, 
of the relative intensity of faculae and Hi flocculi at various distances 
from the limb. 

Pending further work on this subject, we need have little hesitation 
in ascribing to the Hi flocculi a level coinciding with or slightly above 
that of the faculae, and below that of the H^ flocculi. 

As for hydrogen, the reasons which led to the belief that its dark 
flocculi represent, on the average, a relatively high level, are given 
in the paper already mentioned.' Since that time the accumulation 
of evidence has only tended to strengthen tliis belief. It has been 
found, for example, in comparing the relative distances from the 
sun's limb of corresponding calcium and hydrogen flocculi, that the 
latter are, in general, disi)laced toward the limb by a very appreciable 
amount. The displacements vary greatly for different flocculi, but 
the average difi'crence of level represented may be roughly stated as 
from one to two thousand miles. On account of the effect of atmos- 
pheric disturbances, however, an accurate determination of this 
difference of level cannot be made until photographs taken simul- 
taneously with H2 and one of tlie hydrogen Hnes become available. 

In addition to the direct evidence afforded by these displacements, 
we have other evidence which also seems significant. It was found at 
the Yerkes Observatory that exceptionally dark hydrogen flocculi 
are frequently ref)resented on calcium (HJ plates by dark objects, 
roughly corresponding with them in form. Our Mount Wilson 

» The Rum ford Spectroheli<i^raph oj the Yerkes Observatory, p. 20. 
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records show a great number of these dark calcium flocculi, which 
appear to be invariably associated with exceptionally dark hydrogen 
flocculi. Mr. EUerman has photographed the spectra of these objects 
and found that the marked strengthening and widening of their hydro- 
gen lines is accompanied by a similar strengthening and widening 
of H3 and K3. This indicates that these hydrogen flocculi are at the 
H3 level, rather than in the lower region of denser calcium vapor 
represented by H,. When describing the work of the Kodaikanal 
Observatory before the Royal Astronomical Society, Mr. Michie 
Smith stated that these dark calcium flocculi, when photographed 
near the limb, are found to agree in position with prominences. This 
is in harmony with similar results obtained at the Yerkes Observa- 
tory, and leaves little room for doubt that some of the dark hydrogen 
flocculi are prominences photographed in projection on the solar 
disk. It is probable, however, that the less conspicuous dark hydro- 
gen flocculi occupy a lower level, at or somewhat below the upper 
part of the chromosphere.* Thus the" assumption that the dark 
hydrogen flocculi are high-level phenomena (as compared with the H, 
calcium flocculi), which was at first made simply to account for their 
darkness, on the ground that absorption effects would be most likely 
to present themselves in the higher and cooler gases, seems to be borne 
out by the evidence just cited. 

The results obtained from the study of the rotational velocity of 
the hydrogen flocculi may now be considered in this connection. If 
these flocculi, on the average, are at a higher level than the H^ calcium 
flocculi, the diflSculty of ascribing to them a different rate and law 
of rotation is greatly decreased. In Wilsing's theoretical discussion 
of the law of the solar rotation,* the important effect of internal friction 
is given special consideration. On account of this friction, Wilsing 
assumes that the differences of angular velocity "must diminish as 
the center of the sun is approached, until a surface is reached, the 
particles of which rotate with sensibly constant angular velocity about 
a common axis.'' Above the photos])herc there may be considerable 

I It is of course supposed that the hydrogen extends down to the base of the 
chromosphere, but that the region of effective absorj)tion, represented by the dark 
flocculi on the speclroheliograph plates, is at the level mentioned. 

* Astrophysical Journal, 23, 247, 1906. 
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internal friction at the base of the chromosphere, but this friction 
must decrease rapidly in going outward. Finally, Wilsing assumes, 
a spherical surface will be reached which, like the inner one, rotates 
with uniform velocity. 

Through the effect of friction the different rotational velocities 
observed by Mr. Adams in the case of lines of different elements 
find ready explanation.' Carbon and lanthanum, which give values 
for the daily rate about o?i less than the mean result for all the lines 
employed, are elements which lie at a low level in the solar atmosphere. 
We now find that the dark hydrogen flocculi, to which a high level 
in the chromosphere has been independently ascribed, show no 
evidence of equatorial acceleration. 

Table III brings together the results of various determinations 
of the solar rotation, as indicated by the motions of sun-spots, faculae, 
reversing layer, calcium and hydrogen flocculi, and hydrogen. Car- 
rington's spot values are taken from his Observations of the Spots on 
the Sun. Spoercr's arc computed from his formula 

^ = 8?548 + 5?798cos6 
where b is the latitude.^ Maunder's values of f are derived from his 
formula 

^ = 866'6±i28'sin' A 
where X is the latitude. ^ The results given for the faculae are due to 
Stralonoff,-* while those for the calcium floccuh include the Kenwood 
spectroheliograph results,'^ Mr. Fox's Rumford spectroheliograph 
results for 1903-4/' and the Mount Wilson results for 1906 (Table II). 
The values for the reversing layer are those of Mr. Adams.' For 
the hydrogen flocculi and for hydrogen (spectrographic),* mean 

» Coutrihutions from the Solur Observatory, No. 20, p. 13; Astrophysical Journal., 
26, 247, 1907. 

^ Potsdam Puhlicatious, X'ol. X, Part i. 

3 Monthly Xotices, 65, S23, 1905. 

•* Mem. Acad, de St. Prtershourgy \'o\. V, No. 11. 

'J Male and Fox, The Rotation oj the Sun, as Determined from the Motions of the 
Calcium Flocculi (in ])re>s). 

''Science, Aj)ril k;, 1007. 

7 Loc. cit. 

^ Adains, Contrihuti >ns jrom the Mount \Vils(tn Solar Observatory, No. 24; Astro- 
physical J ourntil, 27, 2 1-^, igoS. 
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velocities, including all the results obtained within 40° of the equator, 
are taken as most representative.' 

The results show no such difference between the rotational 
velocities of spots and calcium flocculi as the higher level of the latter 
would lead us to expect. The large values of | for the faculae 
are not easily explained, but the difficulties involved in their measure- 
ment necessarily render them somewhat uncertain. The high spec- 
trographic velocities of the reversing layer and of the hydrogen above 
it arouse the suspicion that the spots, faculae, and flocculi do not move 
as rapidly as the gaseous medium in which they float, possibly because 
they retain the velocities of lower levels, from which the faculae and 
flocculi, if not the spots, may rise. The great speed of hydrogen may 
be due, however, to the fact that the gas most effective in the produc- 
tion of the hydrogen lines at the limb lies at a level above that of the 
hydrogen flocculi.^ In the hope of clearing this up spectrographic 
observations will be made at points on the disk within the region where 
the motions of the hydrogen flocculi have been measured. 

The importance of improving and extending the above results 
calls for more work of a varied character. A vigorous attempt should 
be made to determine the level of sun-spots, by the spectroheliograph 
method suggested elsewhere' or by other means. Extensive observa- 
tions of the faculae are especially needed, as the difficulty of securing 
accurate measures of objects ])hotographed only in the neighborhood 
of the limb must be recognized. This work can be most use- 
fully supplemented by an investigation of the motions of the Hi 
flocculi, particularly if the above-mentioned methods of testing their 
relationship to the faculae are put into ])ractice. The spectrographic 
observations should be extended to other lines, special attention 
being devoted to hydrogen, calcium, sodium, and magnesium. 
Observers with spectroheliogra])hs are strongly urged to adapt their 

' Tn (I future [)a|)cr certain data not now available, including the latest spectro- 
Rra[)hi(: results <»f Duner and Halm and additional observations of the calcium flocculi 
by Fox, will be used in a general discus^i()n of the solar rotation. 

' As Ila serms to give highrr spei trogra{)hic veU)cities than Ily and Hd, besides 
being greatly strengthened (while the others are almost unchanged) at the limb, some 
of the (litTerence may jxxssibly be due to this eauNC. 

3 Report oj the Director oj the Mount Wilson Solar i^bservotorVy jor the Year ending 
Septenif)er Jo, l(/>y. 
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instruments for the photography of the hydrogen flocculi, as many 
measurements of these objects are required. Indeed, the interpreta- 
tion of the phenomena presented by these flocculi, other than those 
connected with their rotation, offers in itself a large field for research. 
Since anomalous dispersion phenomena might be expected to arise 
under just such conditions as are here assumed to obtain in the floc- 
culi, the possibility of their existence must not be ignored. It is hoped 
that investigations now in progress here will throw some light on this 
fundamentally important question. 

Mount Wilson Solar Observatory 
February 1908 



ON THE ILLUMINATION OF THE DARK SIDE OF 
SATURN'S RINGS 

By henry NORRIS RUSSELL 

Professor Barnard's recent discovery' that, when the shaded side 
of Saturn's rings is turned toward us, the line of light which we see is 
the faintly illuminated surface of the rings, and not their sunlit edge, 
suggests that their visibility is due to light reflected from the ball of 
the planet. 

This theory was advanced a centur>' ago by Herschel, and later 
discussed by Bond,^ who concluded that the illumination would be 
too faint to be seen. But the photometric data now available con- 
cerning the sun and planets, together with Barnard's observations, 
make it possible to give this theory a more exact test, with more 
favorable results.^ 

Of the two pairs of condensations seen upon the line of the rings, 
the outer ones fall upon the brightest part of the inner ring, "which'' 
says Barnard, "is much the brightest portion of the entire ball and 
ring system." Their distance from Saturn's center is almost exactly 
equal to the planet's polar diameter. An observer on the surface of 
the ring at this point would see one-half of Saturn's disk, w^hose polar 
diameter would be 60°. If this was fully illuminated, the light which 
he would receive from it would surpass that which we get from 
Saturn in the ratio of the apparent areas of the planet's visible surface 
in the two cases. At mean opposition the polar diameter of Saturn 

sin^ 30*^ 
is i8ri4, so that this ratio is hX . , ,, ~ or 6.47X10', which 

corresj)onds to 19. 53 stellar magnitudes. The mean magnitude 
of Saturn at opposition (without the ring) being 0.88, we find 
that the illumination at the distance of the condensations is repre- 
sented by the magnitude —18.65. The magnitudes of the sun and 
mean full moon, as seen from the earth, are —26.60 and —11.77; 

' Astrophysical JoHTHdU 27, 35-44, 1908. 
^ Harvard Annals, 2, 11 2-14. 

3 The ])hoi()nictric data which follow aro taken from Miiller's Photometrie der 
GestiniCy rA-ii)zig, 1S97; the other data arc Barnard's. 

230 



ILLUMINATION OF SATURN'S RINGS 231 

so that we find that the intensity of the light reflected from Saturn is 
560 times our moonlight, and ^-^^0 ^^ our sunlight, or 1/16.6 of 
sunlight on Saturn at its mean distance (9. 539). 

For an observer on Saturn^s surface in the shadow of the ring, 
its "dark" side would therefore be a very conspicuous object (which, 
because of its great area, w'ould send him more moonlight than all the 
satellites put together) . 

But the obser\'ed condensations are at the ansae, and, viewed from 
them, Saturn would appear "as a half-moon half set" — in Bond's 
expressive phrase. The separate particles of which the ring is com- 
posed, being illuminated from one side by the planet, would also appear 
to us (could we see them individually) something like half-moons, 
although, owing to the great angular diameter of Saturn as seen from 
them, more than half of their surface would be illuminated. 

Now a half- moon is not nearly half as bright as a full moon, the 
difference depending on the physical constitution of its surface. The 
moon is only | as bright at the quarter as at full. The corresponding 
factor for Venus is J, while the theoretical laws of diffuse reflection 
from a smooth surface point to a ratio of about J. Saturn (which, 
like Venus, has a very high albedo) probably resembles Venus in this 
respect also, and differs from it, if at all, in the opposite way from the 
moon. 

We may therefore estimate the intensity of the light reflected from 
Saturn to the condensations at the ansae as f of what we have calcu- 
lated on the assumption of full illumination. 

The effective reflecting power of the ring particles (which are also 
of high albedo and are more than half illuminated) may be estimated 
as about J of that of the full phase (which they would show with 
direct sunlight). 

The apparent surface brightness of the condensations, illuminated 
by reflection from Saturn alone, may thus be estimated at j^^^ of that 
due to full illumination by the planet under the most favorable con- 
ditions or about 1/160 of the effect of direct sunHght.' 

Now the dimensions of the condensations are 2''3Xor5, while 

' Bond finds (lac. cit.) a much smaller value, probably because he assumed the 
albedo of Saturn to be equal to that of the moon, whereas it is actually nearly six 
times as great. He gives few details of his calculation. 
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those of Saturn's disk are lyl'S Xi6''2. The apparent area of one of 
the condensations is about ij^^„ that of the planet, and if the two 
were of the same albedo, and both illuminated by direct sunlight, the 
light of the condensations should be 6 magnitudes fainter than that 
of Saturn. But their illumination by reflected light is i6o times, or 
5^ magnitudes fainter than by sunlight. This would make them iii 
magnitudes fainter than Saturn, But the part of the ring on which 
they are situated is very much brighter than the ball of the planet, 
under equal illumination. We may therefore expect the actual 
difference of magnitude to be between lo and ii magnitudes. 

According to Barnard's observations, the condensations appeared 
distinctly brighter than Mimas, Enceladus, or Tethys (and presum- 
ably fainter than Rhea), The differences of magnitude between these 
satellites and their primary, as determined by Pickering,' are 11.9, 
1 1. 4, 10.5, and 9.9, respectively. The observed and computed 
brightness of the condensations agree quite within the errors of the 
necessarily somewhat approximate calculation, and confirm the 
hypothesis on which it is based. 

It might seem that this theory demands that the brightest part of 
the rings should be that which gets the most reflected light, i. e., the 
part directly in front of the planet. This would be true if the rings 
had a smooth, plane surface. But the particles of which they are 
composed, though in this region strongly illuminated by Saturn, turn 
their dark sides toward us, and we get little light from them. Simi- 
larly the particles behind the planet whose illuminated side we see 
almost in full, receive light from only a narrow crescent of its disk. 

Calculation on this basis shows that there should be a sharp maxi- 
mum of apj)arcnt brightness near the ansae of each ring. The rapid 
fading of the brightest part of the ring on each side of these accounts 
for the darker space inside the outer condensations. 

The inner condensations arc undoubtedly due, as Barnard suggests, 
to the illumination of the partially transparent crape ring by sunlight 
coming through it from the other side, through the gaps between the 
particles. Their brightness is of the order of magnitude which might 
be expected. At the eclipse of Japetus in 1889, the sun's light was 
found to lose about one magnitude on traversing the crape ring at an 

» Harvard Annals, II, Part II, 247. 



ILLUMINATION OF SATURN'S RINGS 233 

inclination of about 10° to its plane. At the date of Barnard's draw- 
ing (December 12, 1907) the elevation of the sun above the plane of 
the ring was a little over 2°. Its rays had therefore to pass through 
nearly five times as great a thickness of the crape ring, which would 
cause an absorption of light of rather less than five magnitudes. The 
illumination of the ring by translucence should therefore be of the 
order of magnitude of g\)- of that by direct sunlight. As the crape 
ring is normally much fainter than the outer rings, this leads us to 
expect that the inner condensation should have about the same 
brightness as the outer, and this agrees with observation. 

In this case there should be no phase-effect confining the brightness 
to the vicinity of the ansae, and these condensations were actually 
observed to join up to the ball with scarcely any lessening of bright- 
ness. This difference of behavior of the two pairs of condensations 
supports the hypothesis of different origins for their illumination. It 
also bears on Barnard's suggestion that the outer condensations are 
due to light reflected by scattered particles in the Cassini division, for 
this would form a nearly continuous band with much less marked 
condensations at the ansae. 

We may therefore conclude that the outer condensations, and the 
general visibility of the surface of the rings, may be accounted for by 
their illumination by light reflected from Saturn, while the inner con- 
densations are due to sunlight transmitted through the partially trans- 
parent crape ring. 

It is tempting to derive an upper limit for the thickness of the 
rings from the fact that at no time could Barnard see any evidence of 
a bright rim to their faintly luminous surface. Since the edge would 
be illuminated by full sunlight, its surface-brightness (on our hypothe- 
sis) would be about 160 times that of the condensations, and it would 
be as bright as they were if its width was ^ I ,> of o''5, or 0^003. This 
corresponds to 13 miles (21km) at Saturn's mean distance, and it 
would seem that the rings must be much thinner than this. 

Princeton University Observatory 
February 25, 1908 



ADDITIONAL NOTES ON THE VISIBILITY OF THE DARK 
SIDE OF SATURN'S RINGS 

By E. E. BARNARD 

It is probable, as Dr. Russell has shown in his paper "On the 
Illumination of the Dark Side of Saturn's Rings," that sunlight 
reflected from the ball of Saturn may have had something to do with 
the visibiHty of the rings when their dark side was turned toward us. 
The facts indicate, however, that the principal source of illumination 
was sunlight percolating through the particles composing the rings. 
In July the minor axis of the ring ellipse was nearly three times 
as great as after the second disappearance in October. This was 
startlingly apparent in the earlier observations, when to all appearance 
the full surface of the ring was visible. Reflected sunlight from 
Saturn could not illuminate all of the surface of the ring thus visible. 

There is one important point to which I failed to call attention 
in my jjaper in this Journal for January. The inner condensations 
were brighter in general than the crape ring has ever appeared to 
me. This fact must be taken into account in any attempt to connect 
these condensations with the crape ring. 

In Lick Observatory Bulletin No. 127 Professor Aitken measured 
a still closer set of condensations. These were seen here, but never 
with a certainty that would admit of measurement, for in nearly all 
cases the seeing was jjoor. In a sketch on July 2, 1907, an attached 
note says with reference to the inner condensation preceding: "Pos- 
sibly here there are two condensations." This double condition of 
the inner condensations was also noted several times after October 4, 
especially on November 3 and 5. On the latter date a sketch shows 
this double appearance, and an attached note says, "It looks as if 
there were two condensations here." Another note says, "The inner 
condensation is certainly double in each case." 

The outer condensations were almost round in the first part of 
November, but in December they were decidedly flattened. 

The relative brightness of the outer and inner condensations 
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varied somewhat, but not in a very marked degree. This is indicated 
by some of the notes : 

July 5. The inner condensations are one-half as bright again as the outer ones. 

November 3. (The following ansa.) The outer condensation is the brighter. 
It looks as if there might be a bright point or satellite on it. 7^ 50™. The outer 
condensation following seems to have a small bright spot in it — a small satellite 
projected on the ring? After carefully examining the outer one preceding, I 
think it is exactly like the following one; it seems to be a small condensation in 
the larger one — it is almost a round spot. The inner condensations are a little 
the brighter, and it looks as if there were two condensations at that point. 

November 5. On the following side, the inner condensation is decidedly 
brighter than the outer one by say h magnitude or more. The inner condensa- 
tion is certainly double in each case. 

November 12. The outer condensations seem to be perhaps a little brighter 
than the inner ones and may be a little larger. They are all very conspicuous. 
It is estimated that the outer ones are two and one-half times as long as broad. 
They diffuse rather abruptly on each side. Later: the outer and inner conden- 
sations seem to be of the same brightness. 

In general after this, they were of equal brightness. 

Yerkes Observatory 
March 11, 1908 
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AN INVESTIGATION OF THE FORTY-INCH OBJECTIVE 
OF THE YERKES OBSERVATORY 

By PHILIP FOX 

Shortly after publishing' his method for testing objectives, Pro- 
fessor Hartmann directed a letter to Professor Hale, reviewing briefly 
the results of his investigations on the Potsdam objectives and on the 
27-inch Grubb and 12-inch Clark objectives in Vienna, and speaking 
of the interest that would be felt in an investigation of the 40-inch 
objective. He concluded by saying, ''Ich wurde gem bereit sein, 
die nothigen Messungen und Rcchnungcn auszufiihren, wenn Sie 
mir nur zwei photographische Aufnahmcn mit dcm 40-inch Refractor 
anfertigen lassen woUten.'' 

In compliance with this request, the extra-focal exposures were 
made by Professor Barnard on February i, 1902. Professor Hart- 
mann communicated the results of his measurements to Mr. Hale in 
April of the same year. Positives from these plates have been meas- 
ured also by Mr. Ichinohe, recently fellow at this observatory, who 
further measured a pair of plates exposed by Mr. Jordan in April of 
1906. In the table on the following page will be found the results 
of the measurements of the early plates. The agreement is fairly 
close. 

In discussing the results Hartmann wrote : '* So viel min a us diesen 
wenigen Punkten erkennen kann, ist das Objectiv ganz vorzuglich. 
Von r = 26cm bis zum Rande bcsteht nur eine P^ocusdifferenz von 

^ Astrophysical Journal, 12, 46, 1900, 
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0.05 in.; ich habe eine so klcine Differenz noch bci keinem anderen 
Objectiv gcfunden. Dass die Mitte des Objectivs etwas kiirzere 
Brennweitc hat, ist bci der gcringercn Apcrtur der betreflFenden 
Strahlenkcgcl unschadlich. Ucbrigtns wlirde sich dicscr Fchler durch 
nochmaligcs Nach{X)lircn der Mitlc, so dass das Objectiv dort etwas 
flacher wiirde, leicht bcseitigcn lasscn/' 



Rapius of Zone 



Focal Scale Rkadings 



Hartmann 1 Ichinohe 



mm I Inches | Inches 

100 8.800 J^-^77 

140 8. 91 1 ' 8.939 

260 9.016 9 .010 

300 Q 047 I 9.048 

4 20 9 . OOO Q . 096 

4'')0 9 023 9 0.^9 

490 9022 9025 



Hartmann, however, considered the investigation incomplete 
because so few zones were included. It is evident that undetected 
00 > irregularities might lie in the 

gap lx'tweenr=3ooandf =420. 
The writer had the pleasure of 
working with Professor Hart- 
mann in Potsdam for a few 
weeks in 1906, and measured 
some of tlie plates made in the 
tests of the 80-cm Potsdam re- 
fractor. At that time Hart- 
mann urged the need of a more 
thorough test of the 40-inch 
objective. This investigation 
was therefore inaugurated. 
The method first published 
in this Journal iloc. cit.) was later more fully developed in the Zeit- 
scJiriJ! ji'tr Instrumcntcnkiindc (24, i, 33, 97, 1904). As it has recently 
Ix-en referred to sonuwhat in detail in this Journal by Plaskett," 

^ Astro phy^iciil JoiinuiL 25, ig;, igo;; also Journal oj the Royal Astronomical 
Society oj Cauiidii, I, 104, jt^;, ig.:^;. 




Fk;. I. — Extra-ftnal Star Image 
Zonal Invcsligalion. 
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240 PHILIP FOX 

in his thorough investigation of the 15-inch objective of the Dominion 
Observatory, I shall not review it here. The perforated diaphragm 
for the present zonal test had sixty holes located at the comers of 
squares on fifteen different zones. The arrangement can be well 
seen in Fig. i, which is a reproduction of one of the plates meas- 
ured. The holes were two centimeters in diameter. Of the several 
pairs of exposures made, five were suitable for measurement and 
enter in the discussion. Also two pairs were made with the photo- 
graphic correcting lens of the Bruce spectrograph in position. 

During the exposures the telescope was carefully guided by means 
of the long-focus finder (/ = 62ft.). ^\^len necessary the telescope 
was moved with the slow-motion motors. The images show no appre- 
ciable guiding errors. 

The results obtained from the measurement and reduction of the 
plates are given in Table I. The first column gives the radius of the 
zones ; the second gives the position angles of the holes in the dia- 
phragm, which are measured counter-clockwise with 0° on the edge 
of objective away from the pier. Columns headed i, 2, 3, 4, and 5 
give the focal scale readings in millimeters for the five pairs of plates. 
Column 5 [S) gives results obtained from plate 5 by Professor 
Slocum of Brown University, volunteer research assistant at this 
observatory in the summer of 1907. The excellent agreement of the 
two sets of measurements on plate 5 speak well for the accuracy of the 
method. As the plates were exposed at different temperatures, there 
is considerable variation among the different plates. The mean 
values of column 9 do not include results in column 5 (5). The results 
are shown graphically in Fig. 2. Small values of the focal setting 
indicate short focal length. I have not drawn a curve for Slocum^s 
results but have indicated them with circles. 

It is at once apj^arent that the center of the objective is of appre- 
ciably shorter focal lengtli than the edge, confirming the earlier extra- 
focal investigations. It is further seen that certain of the curves show 
gradual sliorteiiing of the focus with approach toward the center, 
while others, Xos. 4 and 5, show but little shortening until the zone 
r = 2io mm is reached. 

It is interesting to see what effect the variations in form of the curv^e 
has on the imai^e. Hartmann has introduced a criterion " T," for 
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comparing objectives, defined as the weighted mean diameter, 
expressed in hundred-thousandths of the focal length, of the cones of 
light from the various zones in that plane, F^^ where the circle of light 
containing all of the converging pencils is smallest. Weights are 
given according to the light-gathering power of the zones, that is, 
according to their radii, r. 

_ 100,000 2rrf_ 200,000 2r*(F— Fo) 

Hartmann states that after locating the plane F^ we might use the 
diameter of this smallest circle containing all the light, that is, the 
maximum of rf, as a criterion of the quality of the objective; but it 
would be more nearly correct to take the mean value of d, for it is 




Fig. 3 



IX)ssible that the maximum of d might dcix-nd on a small zone weak 
in light-gathering power. But this, too, while surely giving a better 
test, might give results poorly indicating the quality of the objective. 
I have shown such a case (of course very greatly exaggerated) in Fig. 
3, where all the zones except one near the center give a common focus. 
It is evident that in practical work with such an objective the focus 
used would Ix' at F (and not at F^), and it would be manifestly unfair 
to judge it by even the mean diameter of the cones in the plane F^. To 
free F^ from its dependence on any one zone I have sought that plane 
for Fq where the mean weighted diameter of the converging cones, 
^rd, is a minimum. 1 had thought that this ])lane might be deter- 
mined by taking the mean of the several foci, weighting them according 
to the angk" of the cone and according to the light -gathering power; 

that is, roughlv 

^ ^r'F 
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One or two trials for F^ on either side of this plane advancing in steps 

of o. I mm will give the plane where Srrf is a minimum. Table II 

p =^r^F 
gives Fo according to Hartmann's formula, ° -— - , and F^ where 

Srd =a minimum, also T for these three different values of F^, In com- 
pulign T I have taken Barnard's value, 19,354 mm, for the focal length 
F„ . I have added columns giving the star's name, the date of exposure, 
the zenith distance at the middle of the exposure, and the temperature. 
I should remark that the two exposures on plate i were sejxirated by 
1^32"^, so that here the zenith distance is a mean of 41? 5 and 28°. 

Hartmann classes an objective as, "pre-eminently good,'' when T 
is less than o. 3; he- re all of the ditYerent pairs of images give values 
well within this class, ahhough there is a considerable range in the 
values. Plates 4 and 5 are es^Kcially good. I have compared the 
values of T, having regard to the zenith distances, to see if the varia- 
tion could Ix^ explained by llexure of the objective, and find that the 
{xrformance seems to vary with the zenith distance, the object-glass 
giving Ix tter re suits when it lies horizontally. A more thorough inves- 
tigation would Ix' necessary to settle this {X)int definitely. A series of 
plates on a star transiting near the zenith, say Capclla, following the 
star from the zenith to the he)rizon should decide the question. Should 
this indicated relation be confirmed, it would seem that even if mechan- 
ical difficulties could Ix' lightly overcome, refractors cannot be con- 
structed of notably greater dimensiems than the 40-inch with the hope 
of uniform jxrformance at all altitudes. 

With the s|)tetr()graphic correcting lens in position, I found the 
same tyi>e of cur\e of zonal errors, althougli the curves are somewhat 
stee]xT. The focal >ettings are given in Table I, in columns headed 
6 and 7, and are- sliown grapliically in Fig. 4. The values of T given 
in Table- 11 are* not greatly ditTerent fre)m those of the objective alone, 
and put the combination in the class "excellent." 

With the holes in thu (h'aphragm in a si^uare configuration for each 
zone, the foeal le ngili may Ix- (kterniine-d in two planes ixTj^ndicular 
to each other, and any ditTerence in the two will be due to astigmatism, 
if we di.sregard the (li>Uirl)ing efiVct of |X)s.-«ible local errors. In 
Table 1, I have given only the nuan of the focal lengths in the two 
plane>; this, subtrac led from the two individual determinations, gives 



FORTY-INCH YERKES OBJECTIVE 



Focal Reading in mm 



o 






X 



















- 




















V^ 




















^' 


* 
^ 


























/ 


/ 


f 




























( 


1 

1 






























\ 




































\ 
\ 
































■\ 
























> 






^ 












\ 




\ 






























\ 


\ 


\ 
























" 




\ 




^ 








































































































\ 




1 






















s. 




V 
















\, 






















\ 


V 




















\ 


S. 


\ 


N 




























\ 


\, 


1 


V 




























\ 
















y 




























/ 




y' 




























\ 


N 


\ 
\ 






























\ 


^ 


X 






























\ 


» 


. 






























\ 


N 






1 




































f^ 


«0 





































































245 

C 



W 



o 
U 
u 
'a 









o 
N 



246 



PHILIP FOX 



the astigmatic errors presented in Table III. Errors for <^-f 180® 
are identical with those for <^, those for <^-f 90° and (f> + 2yo^ have 
the opposite sign. These errors are shown graphically in Fig. 5. 
The negative values, those shorter than the mean for the zone, are 




Fig. 5. — AstigmaUc Errors of the 40-inch Objective 

inclosed in circles. A glance reveals the distribution of the deficient 
and excessive values. Considering the objective as a whole, there is 
no well-defined figure showing the direction of the axes of the feeble 
astigmatism jjresent. The only figure traceable is a double letter 5, 
crossed after the fashion of a swastika. Within a radius of 30 cm 
from the center tlie axes are more clearly marked. The errors of this 
kind are all small, only five zones giving errors in the mean values 
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248 PHILIP FOX 

greater than i mm, and four of these are zones of small radii, weak in 
light-gathering power, and of small divergence. 

With the correcting lens in jx)sition the astigmatic errors are of 
about the same magnitude as with the objective alone. They are 
given in Table III. 

The tests described above have been confined to fifteen zones 
irregularly distributed on the objective, being somewhat crowded at 
the edge, and the result for <.ach zone rests on but four points. Had I 
rotated the diaphragm, thereby obtaining additional material for 
each zone, it is probable that some of the smaller irregularities in the 
zonal focus-curves would have been eliminated, and T would have 




.1. loutault. H. r.iuc.iult. c\ Kxira-focal. 

Kir,, f).— " F(K ograms" of ihc 40-iiHh Ohjeclive 

been somewhat reduced. The results obtained, however, probably 
re])resent the f[uality of the object-glass as well as a test depending 
upon a limited numJKT of ])oints can. It might be well to state here 
that under the best conditions the objective has separated double 
stars flown to its theoretical resolving ])ower. 

In order to depict the 40-inch objective as a whole, I have again 
followed Harlmann, who has recently aj)pHed photographically the 
Foucault knife-eflge test to the 8o-cm objective at Potsdam, revealing 
an astonishing amount of detail in the surface, even traces of the 
epicycloidal motion of the i)olishing tool. (See the translation of his 
paper on {)age 254 of thi.s number.) 

I have made several exposures, j)rincij)ally on Sirius, introducing 
tile knife-edge from different directions. Two of these images are 
reproduced in Fig. 6, .4 and B. These show the objective in ^\- its 
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natural size. The telescope was west of the pier and directed toward 
Sirius. In A the knife-edge was inserted from below, in B from the 
left, the pier side. The arbitrary position angles on the objective 
used in the zonal work are retained here. 

No set of epicycloids is recognizable but there are some minute 
irregularities of curious form. Most noticeable is the stria crossing 
the objective in 0=130°. This, together with the stria at <^=295°, 
was seen in a visual knife-edge test. Aside from these striae, most 
conspicuous are the gap near the edge, corresponding to the de- 
pression in the zonal curve at r =470—480 mm, and the quadrangular 
configuration near the center which may perhaps cause the larger 
astigmatic errors of the small zones. In B there are four dark spots 
caused by bits of frost on the object-glass. A was taken under much 
better conditions of seeing than B and consequently shows greater 
contrast. It is interesting to notice the difference in the illumination 
on certain irregularities in A and 5, which depends on the direction 
of insertion of the knife-edge. Aside from the irregularities noted, 
the objective is very uniform. 

The irregularities of surface or of density in the glass are perceived 
because they give variations from the mean focal plane of the objec- 
tive. These variations should cause non-uniformity in the distribu- 
tion of light in the extra-focal star image, and here the pattern should 
be similar to the irregularities of the objective. Photographs which 
I have made of the extra-focal star image, Fig. 6, C, confirm this. 
Practically all of the irregularities shown in A and B are traceable in 
C, although, naturally, there is not the sharpness shown in the knife- 
edge plates. A and B show the causes of the effects vaguely apparent 
in C. 

COLOR-CURVE OF FORTY-INCH OBJECTIVE 

A re -examination of the color-curve of the objective was a part of 
my programme, and for this purpose I assembled a small spectrograph 
and made tests by means of extra-focal star spectra. The screen 
before the objective, shown in Fig. 7, had ajXTturcs measuring 
6X 16 cm, on three difTerent zones at radii r = i7o, 310, and 450 mm. 
I am indebted to Mr. Wallace for the preparation of plates for the 
tests. They were bathed in an acjueous ammoniacal solution of 
pinacyanol-f pinaverdol+homocol, as dcscrilx-d in his recent paper on 
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*' Orthochromaiism by Bathing."' For this plate he has adopted the 
name ''pan-iso." With them I obtained spectra measurable from 
if « to H0 when working outside of the focus. A pair of these spectra 

exposed on Vega is sho\Mi in Fig. 
8. Three pairs of plates were 
measured to determine the color- 
cune of the objective alone. The 
results are given in Table IV. 
.\s the recorded temperatures for 
the three jxiirs of plates varied 
but slightly, the results are directly 
comp^Kirable. I have platted the 
mean results for the three plates 
in Fig. Q, where I have indicated 
liata from |>late i with circles, 
from plate 2 with dots, and from 
plate 3 with crosses. The in- 
fluence oi iem|vratiire is clearly indicated; the open circles are a 
mean Ixtween the dots and the cross<.s. This color-curve is prac- 
tically identical with that l>y 
KUerman-^ and with an un- , Hydrogen Lines 

e -/ a a 

published curve by Fro-t 

determined by tlie older 

method oi stricture> in 

stellar sjxctra. 

As tlie eolor-cur\e wa- 

determined for tliree difur- 

ent zones, there i> matirial 

for a meager te.-t for .'onal 

errors in moncHh.rcMnan'c 

light. Zone> r-=45o mm 

and r= ;io mm gi\e r<.-uh< 

in clo<e agreenu nt. In the 

\i-ual portion of tlie -peLtruin the latter giv^s results in e.xccss of 

tile former by a l\\v iinih- of a millimitLr. This is contrar}- to the 

' Astrop'iiy^icr.l J -un: :'., 26, ;:'■. lor;. 

2 /A/(/., 10. 'J4. \^ri. 
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results from the zonal investigation, where plates 4 and 5 give about 
o. 2 mm in the opposite direction. The quantities are small, however, 
so that this disagreement is not severe. Zone r = 170 mm is between 
three and four millimeters shorter than the outer zones and this is in 
agreement with the zonal resuhs. In the photographic regions the 
results from zone r=45omm are larger than those for r = 3 10 mm, 
and the differences between results for r =450 mm and r = i7omm 
have increased. In the red regions zone r = 45omm gives smaller 
readings than r = 310 mm. These are the expected consequences of 
the chromatic difference of spherical aberration. 

In Fig. 9 I have also platted the color-curve obtained with the 
spectrographic correcting lens in position using the mean values. 
The data are given in Table V. Zone ^ = 450 mm gives longer focal 
lengths than r = 310 mm by about i . 5 mm and longer than r = 170 mm 
by about 9 mm, differences slightly greater than are shown in the 
zonal work. 

TABLE V 
Color- Curve with Correcting Lens 



Focal Readings in Millimeters 



Mean 



5080. 
4861. 
4730- 
4535- 
4460 . 

4383- 
4340. 
4308. 
4272. 
4227. 
4200. 
4140. 
4102. 
4046. 



504.82 


502.63 


495 89 


501 . II 


497-53 


495-^9 


488.08 


493-83 


494 • 56 


492.61 


484.82 


490.66 


491.41 


489.39 


481.48 


487.43 


491.14 


489.67 


481.79 


487-53 


491.19 


489.74 


481.88 


487.60 


491 31 


489.58 


482.36 


487 -75 


491.7^ 


490.41 


483.17 


488.45 


492.14 


490.32 


4<^3-i7 


488.54 


492.99 


491.10 


48^61 


489.23 


492 -95 


491.46 


484.52 


489.64 


494-34 


4Q3 • 23 


486.38 


491-32 


495 82 


494.22 


487.87 


492.64 


499 15 


497-47 


490 . 8 1 


495-81 



I have presented somewhat in detail the results of the investigation 
of the 40-inch objective and I close by reiterating Professor Hartmann's 
wish that data might be published for every objective in active use. 

I wish to express my indebtedness to Professor Frost for advice 
concerning the investigations; to Professor Slocum for measuring 
certain of the plates, and to Mr. Sullivan for assistance at the telescope. 

Yerkes Observ.atory 
March 2, 1908 



AN IMPROVEMENT OF THE FOUCAULT KNIFE-EDGE 
TEST IN THE INVESTIGATION OF TELE- 
SCOPE OBJECTIVES' ' 

By J. HART\L\NN 

Until very recently matters were in an unsatisfactoty state in regard 
to judging of the relative quality of the large objectives and mirrors 
used in astronomical observations, inasmuch as all data as to indi- 
vidual instruments rested for the most part on the subjective im- 
pressions of a few observers. A uniform measure of the quality of 
the different refractors and reflectors was wholly lacking. The 
method of extra-focal measurements^ which I developed in 1899 
first made possible a numerical determination of the so-called zonal 
errors and of the astigmatism, and this method has since then yielded 
a series of interesting conclusions as to different instruments. It has 
been used in several optical works for testing and perfecting their 
output, and has also served for correcting the principal error of the 
80-cm objective of the astrophysical observatory at Potsdam. To 
recall it briefly, the procedure consists in isolating certain of the 
parallel rays from the cylinder of rays entering the objective, when it 
is j)ointed at a star, by a diaphragm perforated with holes and placed 
in front of the objective; the course of these rays is determined by 
obtaining the i)oints of their intersection with two parallel planes. 

In continuing the application of this method to the investigation 
of objectives as well as of comi)lete spectroscopic apparatus, I fre- 
quently noticed that closely adjacent points of an optical system often 
indicated a quite decidedly ditTerent path of the rays, whence it was 
necessary to conclude that these systems occasionally fail to produce 
as regular a refraction as is ordinarily assumed. In addition to the 
extra-focal method, which gives the course of the rays for any desired 
points on an objective, though necessarily limited in number, it 
seemed to me desirable to have a second method of testing which 

* Triinshited from Sitzun^sherichtc dcr K. Preussischen Akadcmie der Wissen- 
schajten, Sc>.^i<in of I)ec<'nilK'r 19, 1907. 

'* Zeitschrijt jur histriimcutenkuude, 20, 51, 1000; 24, 3, IQ04. 
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should furnish a general view of the optical uniformity of the whole 
cylinder of rays transn^itted by the objective, and thus permit the im- 
mediate recognition of the different parts of the optical system which 
cause an incorrect refraction. 

It was clear to me from the start that such a process for testing 
could be obtained by a suitable application of the well-known 
*^Schlieren'* method proposed by Toepler in 1864; or better, by 
the method introduced six years earlier by Foucault, which is a 
special case of the Toepler experiment. In the so-called Foucault 
knife-edge test, the knife-edge is moved in from one side of the focal 
image of a terrestrial point-source, and the eye, placed close behind 
the focus, observes directly how the rays are thus cut off. If the 
objective is free from error, and therefore unites all of the rays com- 
ing from the source into a point image, then the eye held at a slight 
distance behind this image beholds the whole surface of the objective 
illuminated uniformly, and this light disappears uniformly over 
the whole surface as soon as the point image is concealed by the 
knife. But if there are som.* places in the objective of different 
refraction, the rays coming from these places will either be cut off 
before the principal image is concealed by the knife, and they will 
therefore appear as dark places on the luminous surface of the ob- 
jective; or this irregularly refracted beam will not be cut off until 
after the principal image is concealed, and in this case the portions 
of the objective in question will betray their presence as bright spots 
on the surface of the objective already darkened by the knife. 

This method of Foucault has been introduced in many optical 
works, and constitutes the i)rincipal means for the more accurate 
testing of objectives and mirrors. The method has, however, hitherto 
never been employed for testing on the sky an already mounted 
astronomical refractor; i)robably for the reason that various diffi- 
culties arise in its application. 

These difficulties consist, on the one hand, in the impossibility of 
using a monochromatic source of Hght in observations on the sky, 
and, on the other hand, in the constant motion of the image due to 
the unsteadiness of the air. These two causes make it impossible 
to obtain a sharp occultation of a point focal image in the astronomical 
application of Foucault's method. It is nevertheless possible, as I 
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have found, to perceive in this way at least the larger zonal errors 
of an objective and this without further apparatiis. It is sufficient for 
this purpose to place a strip of paper having a sharp edge, or a piece 
of tinfoil, over the opening of the adapter after the eyepiece has been 
removed, and then to move the paper so that its edge fails in the 
plane of the image, and thereafter to bring the image of a bright star 
on the edge by means of the slow motions. As long as this image is 
not reached by the edge, an eye close to the edge will see the whole 
objective uniformly bright in the cone of rays. But if the cone of 
rays is partly cut otT by the edge, then brighter and darker places will 
appear on the objective, which give it a peculiar appearance as if 
seen in relief. The figure is intended to represent schematically an 




Fu,. I 

objective, the greater portion of the surface of which unites in the 
focus B, the rays ])assing through the outer zone I as well as the central 
l)ortion 111, while there lies between tliese a zone II of shorter focal 
length. If the knife-edge 5, which is brought up to the point B from 
below, has not quite reached this, then only the ray II of those shown 
in the figure will be cut off, and the eye will therefore see the surface 
II, which is of too short focus, as dark on a bright background on 
the side of the objective away from the knife-edge. If the knife- 
edge is moved fartluT on, so that it catches the rays passing through 
the point B, then only the ray IT, which similarly comes from the 
zone of too short focus, readies the eye of the observer. This zone 
will therefore aj)|)ear bright on a dark ground on the side of the ob- 
jective toward the knife (lower side in the figure). It follows from 
this that .such a zone of too short focus ])resents exactly the same 
a})j)earance which woulfl be given by the slope toward the edge 
of the objective (hence outward) of an annular elevation on the ob- 
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jective, if this was given a very oblique illumination from the side 
from which the knife-edge was brought up. A similar consideration 
shows that a zone of too great focal length will be represented as the 
inner slope of an annular ridge, or as the slope, facing the center of the 
objective, of a depression. 

In the experiments I made in this manner on the 80-cm objective 
of the Potsdam refractor, I could recognize an apparent crater in 
diameter about equal to one-third of the diameter of the objective, 
and this fully confirmed what I had previously determined numer- 
ically by the extra-focal measures: the objective had in the zone 
r = i2 cm a focal length too short by about 2 mm, but farther in, 
at r=8 cm, a too great focal length. A closer observation of the 
figure of the objective was hindered by the difficulties above men- 
tioned, the image being very strongly colored by the secondary 
spectrum and very variable on account of the unsteadiness of the air. 
However, since there appeared to be further fine details on the sur- 
face of the objective which could not be determined with certainty 
on account of the continuous motion, the idea occurred to me of 
overcoming the difficulties mentioned by replacing the eye by a 
camera, the objective of which should throw upon the photographic 
plate a sharp image of the objective to be investigated. The motion 
of the stellar image was thus rendered entirely harmless, causing 
only a variable intensity in the illumination of the separate parts of 
the image, and thus contributing to a uniform effect in the formation 
of the image of the whole surface of the objective. The error due to 
color loses its disturbing effect because the photographic plate is not 
sensitive for the red and yellow rays, while the photographically active 
rays of shorter wave-length are well united by the objective. The 
knife-edge was in this case attached closely in front of the objective 
of the camera screwed on to the adapter at the eyepiece of the 
refractor. I will designate these pictures, in which the structure of 
the focus is photographically recorded, as '^focographic" plates. 

The result of my plates made in this way was quite astonishing. 
They showed a wealth of detail in the figure of the objective which 
was previously entirely unknown. This is shown in the reproduc- 
tion of one of these "focograms'' better than in words. Fig. 2 is the 
photographic image of the 80-cm objective in one-tenth its natural 
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size. We first recognize the ring lying at the middle of the lens, 
which gives to the picture a resemblance to one of the craters of the 
moon when illuminated from the left. This circular wall is the 
image of the above-mentioned zonal error. Next we recognize on 
the whole surface a sort of network of circles crossing each other, 
doubtless to be regarded as an effect of the epicyclic motion of the 
polishing tool. The brighter and darker spots that are irregularly 
distributed would probably be caused by sHght irregularities in the 
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mass of the glass. This is i)articularly true of the numerous thread- 
like streaks which arc seen in the right-hand lower half of the picture; 
these are the so-called waves or threads in the substance of the glass. 
Finally the few bubbles and small "stones'' are also represented as 
sharply deiined wliite ])oints. We can readily see that the threads 
and bubbles exert no disturbini^ elTect on the density of the glass in 
their nei.i^hborliood, so tiiat they do not injure the quality of the 
image. 

I would here remark particularly tliat tlie 8o-cm objective, while 
not indeed perfect, is still very good and gives quite sharp images. 
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If the optician should so figure it that all the irregularities here repre- 
sented should be decidedly reduced, a process rendered much easier 
by these " focograms," then without doubt the highest perfection 
possible for this instrument would be reached. I will further add 
that investigations which I have made on other objectives have 
shown other phenomena which are in general similar. This foco- 
graphic procedure is admirably adapted for the investigation of a 
spectrograph, since it instantly gives a clear picture of the effective- 
ness of the whole optical system. I shall report on this more thor- 
oughly in another place. 
Potsdam 



THE SPECTRUM NEAR THE POLES OF AN IRON ARC 

By W. GEOFFREY DUFFIELD 

Liveing and Dewar' in 1888 chronicled the occurrence of spark 
lines in the arc spectrum of magnesium. In 1903 Hartmann and 
Ebcrhard^ found similar lines for silicon, zinc, and cadmium, and in 
the same year Hartmann^ published an account of their behavior 
in the magnesium arc. Barnes^ has also worked on this subject, 
investigating the effect of dielectric density on the intensity of the 
magnesium line. The most recent publication is that of Fowler^ who 
describes the appearance in the iron arc of lines which are strong- 
est at the tips of the poles and diminish in intensity as they approach 
the center. Though visible upon both poles, they are stronger at the 
positive pole. Fowler investigated the region F to C and pointed 
out the identity of these lines with the enhanced lines of iron and 
with those lines that are weakened in sun-spots. Photographs 
showing the same phenomenon (Figs, i and 2, Plate XVIII) have also 
been obtained by the writer with the large 2ii-ft. Rowland grating of 
the Physical Laboratory of the Manchester University, and in view 
of the application of this investigation to solar phenomena (the exten- 
sion of the sun-spot spectrum into the ultra-violet having recently 
been accomplished at Kodaikanal Solar Physics ObservatorjO and to 
the resolution of sj)ectral lines into series, the Unes presenting this 
appearance have been identified, and a list is given below for the 
region X=235o to X=35oo. 

The photographs were obtained by focusing a vertical image of the 
iron arc u])on the vertical slit of the spectroscope, the length of the 
arc being so adjusted ihat the tip of each pole was just included upon 
the slit. The spectrum emi)loyed was of the first order where the 
dispersion is 0.4 mm per Angstrom unit, and where th^ astigmatism 

I Proc. Roy. Soc, 44, 241, 18S8. 

a Astro physical Journal, 17, 229, 1903. 

3 Ihid.y 270, 1903. 

4 Ibid., 21, 74, 1905 

5 Monthly Xotices, Rf\val Astronomical Society, 67, 154, 1907. 
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SPECTRUM NEAR POLES OF IRON ARC , 261 

is not sufficiently great to mask the phenomenon. . The arc was at 
first fed from the city mains with continuous current, 40 voUs being 
used across the terminals and 12 amperes being recorded by an 
ammeter in series with the arc. 

The photographs obtained differ from those of Fowler in that the 
lines which appear most strongly at the tips are usually of the same 
intensity on the two poles. This is well shown by the pair at 3259 
(Fig. i), and by many lines in Fig. 2. 

Identification of the lines, — For the region 2400 to 2550 Angstrom 
units, direct measurements were made from the plates, the standards 
used being those lines for which there was good agreement between 
the measurements of Kayser and Runge for the arc and those of 
Exner and Haschek for the spark. For lines of wave-lengths less 
than X=24oo and greater than X = 255o, Kayser's atlas of the iron 
arc spectrum was employed, but measurements were made whenever 
it seemed necessary. 

Table I contains lists of the arc (K. and R.) and spark (E. and H.) 
lines whose wave-lengths approximate most closely to those of the 
lines appearing near the poles of the arc, together with measurements 
of the wave-lengths of the last-named when these were made. Esti- 
mates of the intensities of the lines in the three cases are also given, 
but as these were made by different observers they are not strictly 
comparable, and too much stress must not be laid upon their relative 
values. In the Table i is the smallest and 10 the greatest intensity. 

A more valid comparison of the intensities of the lines appear- 
ing on the poles with those of the spark discharge has been made: a 
spark discharge was obtained by feeding the primary of an induction 
coil, whose hammer was clamped, with an alternating current (50 
volts) and placing a Leyden jar in parallel with the spark-gap in the 
secondary. The usual form of comparison shutter was used and by 
its means a spectrum of the spark was compared with the spectrum 
given by the tips of the poles. 

For the ultra-violet region ^=2350 to X=263i very little differ- 
ence was found between the spark discharge and the arc spectrum, 
the lines of which were confined almost entirely to the neighborhood 
of the poles, the relative intensities of the lines being almost identi- 
cal in this region in the two cases. But above X=263i a marked 
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dif erence bet-^.een :he t^o sp^rctra niakes its appearance, the lines of 
the arc being no longer niainly connned to the poles, but occurring, 
a.s in the characteristic arc spectmin, most strongly in the center of the 
arc. Nevertheless ntany lines still apt:«ear 'with greatest intensit}* on the 
tip- of the poles and the contparison sp^ectrum shows that in nearly 
ail ca^'S the^ correspond to lines in the sp^ark, though not now with 
such close correspondence between their intensities: some few lines 
at the poles are vdthout counterpart in the spark e.g., 3076.54, 
3078. 70. 3:52- 10 , and others Vnich are sharp at the poles are fuzzy 
in the spark. On the other hand, to ail lines occurring in the spark 
there are corresponding lines in the arc sp-ectrum iw'ith generally 
some small diuercnces in their v.ave-lengths in the two cases) either 
at the center or at the poles of the arc. The conclusion reached is that 
both the -i^-ave-lengths of the lines occurring at the tips of the poles 
and their intensities point to their b^ing more closely related to the 
spark than to the arc sr»ectrunt: but. since the relative intensities of 
the lines in the spark de:»en'l upon the capacity and self-inductance 
in the circuit.- too much stress is not placed upon the origin of the 
line> sui£izested in this way. 

In view of the-e facts it is the writer's con\"ict:on that the term 
•• -park'' line is misleading when applied to lines which occur in what 
is to all intents a normal iron arc. More correctly they are Unes 
which occur under conditions which m.ay obtain both in the arc and 
in the electric spark, the property they have in common in the two cases 
beincr their most prone unced occurrence in the neighborhood of the 
j>ole^. 1 sudue-t ••jx)lar lines" as a term less ambiguous than that of 
'• spark line-." For tho.-e line- occurring most strongly in the center of 
either the arc or the >park. the term '* meviian lines'' seems suitable. 

Xone of the ten photOLiraphs obtained in iqo^ fails to show this 
phenomenon. It v.as stiiZuvsted as a possible explanation of the 
appearance of the.-e l:ne> in the arc s;>ectrum that a superinduced 
alternating current m.ight have disturbed the continuous current sup- 
plied bv the city mains, and have produced a weak s]^ark discharge. 
The same effect wa-. however, obtained upon each of four additional 
ex:o-ures made when the current was taken from the storage batteries 

I G- .\. Hemsalech, JourK.jl de y:-:si::i€. 9, 4;;. io:c: G. E. Hale, Astrophysical 
Journal, 15, 132, 19-2; ^V. B- AndtTK-n, ;:;i., 24, 221, igz6. 
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in the building. It should also be added that the exposure was not 
begun until the arc had been struck, and that it continued to burn 
steadily until the shutter was closed. In the photographs of the spark 
used for comparison the positive bands of nitrogen at ^3371 and 
X3158 appear at the tips of the poles. 

The efjecls of temperature, density, etc, — Various explanations have 
been proposed to account for the loss of luminosity of the polar lines 
as they proceed toward the center of the arc. Apart from the appear- 
ance of these lines, differences in the spectra^ emitted by different 
parts of the arc have frequently been recorded and have been variously 
ascribed to differences in density, temperature, and potential gradient. 
Temperature does not seem able to explain the whole phenomenon, 
since the occurrence of these lines showing scarcely any difference in 
their intensity at the two poles (in many cases no difference is discern- 
ible) is not in accord with this hypothesis. Hartmann has found 
other grounds for rejecting it. Liveing and Dewar obtained the lines 
in the case of magnesium when the electrodes were surrounded by air, 
ammonia, steam, carbon dioxide, chlorine, and other gases, hence 
the inference is that the lines are not due to chemical interaction be- 
tween the metal and the surrounding gas. 

The cross-section of the arc is smallest in the neighborhood of the 
poles, hence it is natural to expect that a larger amount of light-energy 
will be admitted through the parallel jaws of a slit where the image 
of the poles falls upon it than where the center of the arc is focused. 
This may partly explain the decrease in the intensity of the lines as 
they approach the center on the supposition that the vapor producing 
them is homogeneously distributed throughout the arc, though it adds 
to the difficulty of explaining the characteristic formation of the arc 
or median lines in the center. Homogeneous distribution does not 
exist, however, and near the poles the greater velocity of the particles 
should effect a reduction in the number of particles present in unit 
volume and a consequent diminution of the photographic effect. The 
greater width of the lines near the poles may be effected by the greater 
velocity of the particles near them (if the arc and the spark are in this 

« J N. Lockycr, Phil. Trans., 163, 253, 1873; Thomas, Comptcs Rendus^ 119, 
728, 1894, etc.; H. Kayser, Ilatulhuch der Spectroscopic^ I, 165; H. Crew, Astro- 
physical Journal, 20, 274, 1904 
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respect similar), which would render more obnous any line-of -sight 
motion they might [X)ssess after collisions. 

The density and pressure are not determinate in an electric arc, 
and though it is doubtful whether either is constant throughout the 
arc, this condition is required to explain the fact that there is no 
obser^'ed curvature^ of the spectral lines as they proceed from the poles 
toward the center of the arc. Differences frequently exist between 
the wave-lengths of lines occurring near the poles and those occurring 
in the center, and these discrepancies are illustrated by the pair at 
2563 whose members are at the poles 0.95, and in the center 0.88 
Angstrom units apart (K. and R.), by the pair at 3259 which are at 
the poles 0.27, and in the center 0.65 Angstrom units apart (K. and 
R.), and by the polar lines near 2490 which are on the \iolet edges of 
absorption lines in the center of the arc. The polar line marked a on 
the diagram at 2576.89 is a typical example of this, as it is on the 
edge of the line 2576.76 which appears only as a median line. The 
line marked b at 2582.62 is of a similar nature. Though the real 
correspondence of these lines is not established, the above eWdence 
suggests a pressure or density displacement, but since the lines are 
invariable in wave-length for the ranges over which they occur, the 
influence of these physical conditions is doubtfully capable of ex- 
plaining the displacements of the lines, though the increased width 
near the poles is quite possibly due to such cases. 

On the other hand, the electrical conditions appear to determine 
the character of the explosion which takes place at the poles; upon 
the conditions of the disruption may depend the nature of the particle 
shot out and the type of vibration it possesses. According to Walter' 
who studied the "arc lines in spark spectra" the essential difference 
between the polar and median lines consists in the former being due 
to charged and the latter to uncharged particles — certainly the gradual 
appearance of lines in the center of the spark after the gradual dis- 
ap])earance of lines at the poles is suggestive of some action of this 
sort ; a more radical change in the constitution of the particle is not 
out of the question. 

Resolution oj the lines into series. — The table which accompanies 

» A dilTerencc in wave-length corresponding to a ditTerencc in pressure of two or 
three atmospheres should be capai)le of discovery. 
' Annalen der Physik, 21, 22.:^, 1906. 
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this paper will, it is hoped, assist in the resolution of the complex iron 
spectrum into series of lines; in it are included all lines observed with 
decreasing intensities as they proceed from the poles to the center of 
the arc. There is, however, a large range in their luminosity gradients, 
and a detailed study of these might further assist the resolution of the 
iron spectrum into scries; but for this investigation photographic 
intensities are scarcely sufficiently reliable to justify the expenditure 
of the necessary time. 

Tlie median lines. — The character of the spectrum due to the 
center of the arc is of considerable interest ; whereas the lines appear- 
ing near the poles are sharp and clearly defined, those in the center 
are very often diffuse and nebulous, this being specially noticeable 
where the polar lines are very numerous, e. g., in the extreme ultra- 
violet. Where they are less frequent the median lines are sharper, cf . 
the part of the spectrum near X3260 (Fig. i). The nebulosity was 
thought at first to be due to a continuous spectrum produced by the 
poles of the arc, but the careful adjustment of the image of the arc 
on the slit precludes this explanation. It also sometimes happens that 
when a polar line occurs close to a median line, the polar line appears 
to gain in intensity at the expense of the median line. The pair at X3259 
affords an example of this; it is shown in Fig. i on the accompanying 
plate. The members of this pair of polar lines (intensity 4) are o . 30 
A. U. apart, and, though Kayser chronicles a pair of lines (intensity i) 
in the normal arc about twice this distance apart (0.65 A.U.), of 
which one line is identical with the red member of the polar pair, the 
violet member of the median pair (A.3258. 50) is generally, though not 
invariably, much weakened when the polar lines arc pronounced; it 
is absent from the photograph reproduced in Fig. i. On other plates 
on which the polar [)air is less strong, this violet median line is some- 
times the strongest of the three. In Fig. i the absence of the median 
lines is possibly due to the energy of their vibration having been 
transferred to the particles producing the narrower pair near the poles. 

The pair X 2562.59, 2563. 54 affords another and similar example 
of the above phenomenon, and the table includes more complete 
evidence of the changes in relative intensity between the median and 
polar lines. 

I take this opportunity of expressing my gratitude to Professor 
Schuster for having placed the necessary apparatus at my disposal. 
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TABLE I 
Polar Lines ix the Arc Spectrum of Iron 
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Spark In- 
tensity* 


Intensitv 
at Poles'* 


l.-t'lT 
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Lines 
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s 
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8 
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s 


spectrum the intensi- 
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10 


64.90 
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s 


ties of the polar lines 
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8 


68 . 69 


8 
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8 
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8 
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6 
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10 
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s 
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8 
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2 




s 


shows that the two 
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4 
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I 




s 
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10 
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7 
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10 
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8 
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10 
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10 
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8 


6 


s 
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II .16 


10 
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7 


6 


s 
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10 
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8 


6 
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8 
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/ 
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6 
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/ 
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4 
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2 
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2 
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6 


I 
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4 
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5 


4 


A 


34. S6 
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6 
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5 
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39 ■ 3^> 


6 
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6 
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4 
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4 
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I 
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4 





s 
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8 
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8 
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5 
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4 


M .00 


5 
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64.09 


I 


f>4-T0 


4 
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2 
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4 


1 


A 
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6 


00.87 


4 


3 


s 


66 . 86 


70. 78 


4 
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4 


2 


s 


70 -73 


74 -SS 


8 
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3 


I 


s 


74 S5 
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t) 


80 22 


5 


I 






8 1 . II 


I 
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3 


5 


s 
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4 
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4 
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4 


4 


s 
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TO 
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2 


3 


s 
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4 
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3 


I 




89 . 59 


go. 01 


4 


8«j g2 


5 


it 


A 


00.04! 


90 . 98 


f) 


«P Ql 


3 


TT 


A 


gi .04! 


gi .50 


() 


91-47 


4 


IT 


A 


91 .52! 


93 34 


10 


0; .31 


8 


10 




03 ■ 29 


(j8 g6 


10 


gS . g > 


7 


1 




gg.oo 


2^02. ^T, 


8 


2502 ,4g 


4 


3 


s 


02.49 


03.50 


8 


'-'.> >g 


4 


' 


s 


03 • 4 1 



♦Maximum Intcn^ily= 1 

tKvich of thfNC three line- i> on the re.i e^ine .>f xn aV<vori)tion line in the arc spectrum. 
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2 
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3 
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6 
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7 
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4 
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5 
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4 
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6 


6 


s 


29 -59 
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10 
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7 


6 


s 
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4 
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6 
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6 
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5 


3 
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8 


36 -95 


5 
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36 -94 
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10 
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5 
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9 
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5 
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8 
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5 


4 


•S 
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8 
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4 


3 


s 
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2 
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3 


I 


s 


48.37 
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6 
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3 
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3 


3 


s 
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8 
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4 
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49 51 
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2 
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5 


5 


A 
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2 


(50.87) 


5 


5 


A 


50.75 
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3 


55-12 


3 


I 


S 


55-13 


55.59 


4 


55-54 


3 


I 


s 


55-51 


(57-42) 


I 


57 -^>o 


3 


3 


s 


57.56 
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2 


59 84 


3 


2r 


A 
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60.43 


4 
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4 


4 


s 


60 . ^6 


(62.35) 


4 
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3 


2 


s 
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10 
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6 


8* 
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10 


63-54 


5 


8* 
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8 
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4 


7 
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6 
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5 


6 
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6 
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I 
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8 
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5 


4t 
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78.01 


10 


77.98 


5 
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82.50 
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82.62 


7 


s: 


s 




85-93 


10 


85.96 


8 


9 






88.11 


10 


88.05 


5 


4 


s 





♦At the poles the distance apart of these two lines is o 05 •^. L'. in<iicating that they appnKich the 
spark, rather than the arc. 

t Marked a on photograph. 

% This line (marked h on the photograph) is apparently reversed in the ortlinary arc spectrum, but 
in this photograph is seen to Ix' composed of two hncs originating in ditTerent parts of the arc. 
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(2605.77) 


8 


2605 .40 


I 


3 


s 


05-43 


(06.92) 


4 


O().0O 


4 


3 


s 


06.60 


07.16 


8 


07.17 


9 


9 




(Standard) 


09.30 


I 


09. 20 


2 


I 






II. 16 


2 


II . 16 


3 


3 






11.94 


10 


11-95 


9 


10 






13-91 


8 


13 91 


9 


9 






17.71 


6 


17.70 


/ 


10 






21.72 


8 


21.78 


6 


6 


s 


21.77 


2572 


10 


25 67 


5 


8* 


s 


25.60* 






25.80 


7 


8* 


s 


25.78* 


26.^2 


I 


26 . 60 


4 


4 


s 


26.58 


2i^ 35 


10 ' 


28.40 


9 


8r 




28.39 


29 Of) 


I 


29.67 


5 


5 


s 


(Standard) 


:>^'^i 


2 


30. 16 


3 


5 




30-15 
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10 
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g 






4U 42 


C) 


4<r40 


IC 


10 






53 37 


6 


53 ^2 


/ 


/ 






55-77 


10 


^5.82 


10 


10 




55-^^2 


61 8,:? 


8 


Ol .SS 


3 


t) 







Twr» line^ occur on the ix)!es. one in fh( .irc .ind two in the si>.irk. 
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* Xo counterpart in sp;irk compari.son spectrum. 
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4t 
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2 
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♦ No counterpart in spark comparistm spectrum. 

t At the poles the distance apart of these two lines is o.i; A. U- indicating that they approach the 
case of the spark, rather than the arc discharge. 



SUMMARY 

1. In the arc spectrum of iron, some lines appear strong at the 
poles, diminishing gradually in intensity toward the center of the 
arc. 

2. They have the general appearance of spark lines, but, to avoid 
ambiguity, the term "polar" lines is suggested to distinguish those 
lines occurring most strongly at the poles of the arc or the spark from 
those occurring most strongly in the center, for which term '* median" 
lines seems suitable. 

3. The polar lines are usually found with equal intensities on the 
two poles, but this is not invariably the case. 

4. A list is given of the |)olar lines between ^2350 and ^3500 
together with the intensities of the nearest "arc" and "spark*' lines 
from the tables of Kay.ser and Runge and of Exner and Haschek. 

5. Direct com{)arison with the spectrum from a spark discharge 
shows that between \ 2350 and X 2630 all lines in the spark spectrum 
have their counter])arts in the ])olar lines in the arc, and that the 
two spectra show a remarkable resemblance; but with increasing 
wave-length the arc becomes richer in mecHan lines, some of which 
now corresjjond to line.s from the s])ark di.scharge, and the polar 
lines decrea.se in numl)er and intensitv. 
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6. The numbers of polar lines in the arc are : 

Between X 2400 and X 2500, 34 • Between X 3000 and X 3100, 6 

X 2500 and X 2600, 51 I X 3100 and X 3200, 4 

X 2600 and X 2700, 25 1 X 3200 and X 3300, 4 

X 2700 and X 2800, 27 X 3300 and X 3400, i 

X 2800 and X 2900, 24 ' X 3400 and X 3500, i 

X 2900 and X 3000, 15 | 

7. The origin of the polar lines and the bearing of pressure, 
density, temperature, and potential gradient upon the phenomenon 
is discussed. 

8. The distinctive character of the polar lines should assist in 
the resolution into series of the iron arc spectrum. 

9. The median lines of the arc in the extreme ultra-violet are 
diffuse and nebulous, the polar lines sharp. 

10. Instances are given of median lines losing in intensity in the 
arc when polar lines appear near them. 

Physical Laboratories 
Manchester University, England 
December 31, 1907 



THE SPECTROSCOPIC BINARY t ORIONIS 

By J. S. PLASKETT and W. E. HARPER 

This Star (R. A. s^so^'s; Decl. -5° 59'; Photog. Mag. 3.4), 
announced by Frost and Adams' as a spectroscopic binar)', was placed 
under observation here for the determination of its orbit in December 

1906. Of the 107 plates used for this purpose, 37 were made between 
December 11, 1906, and April 1907, with an adapted Brashear 
universal spectroscope, and the remaining 70 between September 14, 

1907, and January 25, 1908, with the new single-prism Ottawa spec- 
trograph. The linear dispersion of the Brashear instrument is 18.6 
and of the single-prism spectrograph 30.2 tenth-meters per mm at 
Hy, Notwithstanding the greater dispersion of the former instru- 
ment more confidence should be placed, in the case of this star, in the 
results obtained by the latter, for two reasons. With the former 
instrument, owing to curvature of field of the camera lens, only two 
lines, He, A. 4471, and II y, X 4340, are accurately measurable; while 
with the latter all the lines, usually five or six from ///3 to He inclusive, 
are available. In the second place, on the broad and diffuse lines of 
this spectrum, the settings can be more accurately made when photo- 
grajjhcd with the smaller dispersion. 

The spectrum is of the helium type, the lines used for determining 
the velocity bein^ given in the table below. 

Links in Spfxtrtm of i Or'umis 

Llcmcnts Wave-Length 

H 4861.527 

He 4713308 

He 4471 .676 

He 43SS.100 

H 4340.634 

H 4102. OCX) 

He 4026.352 

H 3Q70I77 

Ca 3933 825 

The lines X4713, 43<S8, and 3933 are rarely measurable or even 

vi.sible on the plates, and consequently they have been used only a few 

' Astrophysical JouDhiU l8, 3S0, 1903. 
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times. The other six lines have nearly always been used in the single- 
prism plates. Lines of wave-lengths X 4686, 4543, 4143, and 4089 
have been seen on some plates but never used in the velocity deter- 
minations. All the lines as stated above are very broad and diffuse, 
the widths varying between 2 and 4 tenth-meters. They are in many 
cases so faint as to be only with difficulty distinguished from the 
adjacent continuous spectrum. The difficulty of setting is further 
increased by the asymmetry of many of the lines; this asymmetry, 
combined with their diffuse character, rendering the settings uncertain. 
A peculiarity about this asymmetry is that all the lines of a spectrum 
are not necessarily affected in the same way. Some may have the 
maximum intensity to the red and some to the violet side of the band, 
while other lines may be nearly uniform. Although in one or two 
cases some of the lines appear doubled, this is by no means a common 
characteristic and this apparent doubling should not necessarily be 
assigned to the presence of a second spectrum, but ix)ssibly to some 
irregular arrangement of the silver grains in the naturally broad, 
diffuse, and asymmetric lines of the spectrum, or to some physical 
cause in the star's atmosphere. Xo evidence of the triple super- 
posed maxima observed by Frost and Adams has been found on any 
of the plates, but this may possibly be due to the lower dispersion 
used here. 

In consequence of the poor quality of the lines for measurement 
the radial velocities obtained may, in some cases, be in error to the 
extent of 15 or 20 km per second. Occasionally in two plates made 
on the same night there has been a difference of upward of 30 km in 
the measured velocity. That this difference is in great part due to 
the character of lines is shown by the fact that measures of the same 
plates by different observers occasionally differ about 20 km in the 
velocity. The probable error of a single plate, obtained by the use 
of the residuals from the fmal curve of oscillation, is for the Brashear 
spectroscope plates ±7.8 km per second, and for the single-prism 
plates ±6.6 km per second. 

It is only when the range of velocity is large (in this case about 
225 km) and where a large number of spectra have been secured, that 
a satisfactory orbit can be obtained for stars with this type of si)ectrum. 
The difficulty, in the j)resent instance, is probably increased by the 
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high eccentricity of the orbit and consequently abruptly changing form 
of the velocity-cune, as well as by a probable secondary disturbance 
giving rise to a secondary cur\'e superposed upon the primar}\ 

The early obser\'ations with the Brashear spectroscope indicated 
a period of about 29 days. WTien use was made of Frost and Adams' 
observations of 1903 the period was approximately determined as 
29. 128 days. When all the observations were brought into one period 
it was at once seen that plates were required at the maximum and 
minimum points and along the rapidly descending branch of the 
curve, 3 or 4 days out of the 29. Cloudy skies at every recurrence of 
this epoch prevented these being secured during the winter of 1906-7, 
and it almost seemed that the same bad fortune was to prevail in 
1907-8. Although partial success was obtained in October 1907, it 
was not until January 24 and 25, 1908, that the final obser\'ations 
necessary were secu/ed. The observations of October indicated 
a period of 29.134 days, but the later plates changed this 
to 29.136 days. This can hardly be in error more than the 
thousandth of a day, as it is determined by the coincidence of an 
observation of Frost and Adams on September 5, 1903, with the 
rapidly descending branch as hnally defined on January 25, 1908, 
55 periods distant. 

Originally each single measurement was plotted on cross-section 
paper, but as the number increased, plates taken on the same night 
(sometimes \wc in number at critical parts of the curve) were com- 
bined and their mean, weighted according to the quality of the plates, 
was used. When tlie period had been accurately determined those 
of nearly tlie same |)hase were grouj)ed together and treated in the 
same way. Tn thus combining the observations there are only two 
groups (near apastron, where the change of velocity is slow) in which 
the difference of ] )liase exceeds a clay. The (Hfference in the remainder 
is less tlian half a (hiy and in most of these (all around periastron) less 
than a f quarter of a (hiy. This method of grouping prevents confusion 
and facilitate.s tlu* drawing of the graph, while the efi"ect of large acci- 
dental errors in the velocity values of some of the plates is diminished. 

In addition to the 107 observations made at Ottawa, the 6 made at 
the Yerkes Observatory ha\e been used and tlie 113 are combined 
into 27 groups with an a\erage of somewhat over 4 observations each. 
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The phase, the mean velocity, and the number of measures in each 
phase are tabulated below. 

Most of the measures on the Ottawa plates were made by Mr. 
Harper, while the grouping and discussion are due to Mr. Plaskett. 



Phases and Velocities 



Phase 



0.65, 
0.82. 
1.60. 

1.85. 

2.43- 



07- 
44. 

39- 

68. 
12. 



Mean Velocity No. of Plates 



8.89. 
11.39- 



+ 101. 3 
-h 91.0 

+ 308 
- 21.3 

-II5-7 
-118. 2 
92.1 
75.7 
47-8 
14.0 

273 
2.1 

9-5 



•I - 



+ 
+ 



Phase 



Mean Velocity 



5 
2 

10 
2 

10 

5 
5 
6 

3 
2 

5 
5 
4 
2 



1453 
I 16.67 

I 18.44 

I 19-32 

I 20.67 

I 21.55 

' 22.65 

, 25.30 

I 26.44 

27 -39 

28.16 

I 28.53 

28.93 



27.4 
34-7 
34-3 
41.2 

51-2 
45-3 

57- 



79.0 
80.0 
92.1 

+ 105-5 
+ 104.9 



No. of Plates 



These values are plotted in Fig. i, where the full line is the velocity- 
curve corresponding to the elements e =0. 75, w =110°, which were 
finally decided upon as the most probable. 

Owing to the considerations previously mentioned, especially that 
relating to the possibility of a secondary disturbance, a final deter- 
mination of the elements by the usual methods is out of the question. 
They only suffice to give preliminary values which must be corrected 
by a species of trial and error. For this purpose the method developed 
by Dr. W. F. King^ has been found very useful as the labor of con- 
structing an ephemeris and drawing the velocity-curve or of changing 
these to correspond to changes in the elements is reduced to a mini- 
mum. Less than half an hour suffices to draw the velocity-curve for 
any set of elements and consequently the trials of diflferent values can 
be easily and quickly made. 

No simple elliptic orbit will give a velocity-cur\'e agreeing with a 
smooth curve drawn as clo.sely as pos.sible through the observed points; 
and we are forced to the conclu.sion that the differences are due either 
to errors in the observations or to secondary disturbances in the orbit. 
The latter seems to be the most likely, for although it is probable 

I AstropJiysical Journal, 27, 125, March 1908. 



276 



/. S. PLASKETT AXD W. E. HARPER 



\ 














































^ 










-^^^^rr=^ 




mm0^t 












1 












































'38': 














A\ ^ 










333 
















\\ 










«4<i 
1 1 I 
• •• 












^\ 




i 


1 
1 










' ' ' \i 






1 










1 ;V ' 
















1 


' : X ■ ^ 




















:^' 


















i 


1 1 ° \\^ 
















1 1 


: i ^\\ 


j 










' ^ ' ' ' 1 °^~^--. 










1 ' i : ^^ 










1 ! 

j L 


li.^^ 


_ . -.^^ 




^ 








. : ! i 1 










^^ 


1 

5 1 1 




























. . : ! i 














f . 


o 


1 


s 


I 


? 






2 1 


? s 


) 


\ \ 


J J 







o 

X 3 

u 
"I 



I 






THE SPECTROSCOPIC BINARY l ORION IS 277 

enough that two or three observations may be in error to the extent 
shown by the figure, it is hardly possible that for 10 or 12 days before 
apastron passage the residuals should be almost wholly negative and 
for 10 or 12 days after almost w^hoUy positive. 

These residuals can be considerably reduced and a cur\^e agreeing 
fairly well with the obser\^ations on the ascending branch may be 
obtained by increasing the eccentricity to about 0.82. An eccentricity 
of o. 80 is shown by one of the dotted curves in Fig. i. The use of an 
eccentricity of even 0.80 produces much higher residuals on the 
rapidly descending branch and at the points of maximum and mini- 
mum velocity, than an eccentricity of 0.75 in the ascending branch. 
In the descending branch any errors of observation or even any 
moderate secondary disturbance would have very little effect on the 
position or inclination of the curve. It was therefore considered pref- 
erable to determine the eccentricity by the inclination of the curve 
around pcriastron rather than by agreement around apastron, and it 
w^as for this purpose that observations in that phase were so long 
awaited. A reference to the curves of oscillation, Fig. i, for e =0. 70, 
0.75, and 0.80 shows that the eccentricity can be determined to 
within o.oi by the inclination of the descending branch, and it may 
be stated that the same criterion may be used to determine the eccen- 
tricity, whatever the value of ft). Furthermore, the value of a> is also 
closely limited by the position of the curve near apastron. A differ- 
ence of 1° either way would displace the cune too far up or down for 
the best agreement with the observations. 

The above considerations led to the final .choice of the elements 
e =0. 75, ft) =110° as the most probable, while the question of a second- 
ary cur\-e is left open. The observations, even taking into account 
their high probable error, indicate the presence of such a curve but do 
not sufficiently define its position and amplitude to enable any explana- 
tion of its cause to be assigned. So far as known to the writer, pre- 
viously discovered secondary disturbances have been submultiples 
of the main period, but such is apparently not the case here where the 
secondary effect persists for 10 or 12 days on each side of apastron, 
about three-fourths of the period. An attempt was made to establish 
some connection between the asymmetric nature of the lines, maximum 
to red or violet, and the position io the period, but nothing definite 



278 



7. 5. PLASKETT AND W, E, HARPER 



was obtained. It is evident, however, that a very slight shift of the 
position of the maximum, one indeed that would scarcely be noticed 
in the broad and diffuse lines of this spectrum, would be quite suffi- 
cient to account for residuals of the magnitude present on each side of 
apastron. Such a shift of the maximum might reasonably be assigned 
to some physical change in the star's atmosphere without the necessity 
of considering the secondary- curs'e to be due to any deviations from 
an elliptic orbit caused by the presence of a third body. These, how- 




FlG. 2 

ever, are speculations wliich cannot from the data available become 
anything more. 

The remaining elements of the orbit are easily obtained by the well- 
known methods wlit-re, as here, tlie values of U, e, ft), K^ and T are 
known. 

r, or Period, =29. 136 days 

e ^o-75 



A, or Po->itivc Maximum, = + 104 km 
H, or Negative Maximum, = — 120 km 
A.' =112 km 
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r=i.94 days = Julian day 2,417,587.94 

y, or velocity of system, = -f 20. 7 km 
a sin i — 29,680. 000 km 

A diagram of the orbit showing the proportions of the system is 
given in Fig. 2. 

It is with much pleasure that the advice and encouragement given 

by the Director, Dr. W. F. King, in the progress of the work are hereby 

acknowledged. 

Dominion Observatory 

Ottawa, Canada 

February 1908 



ox THE ZONAL ERRORS IN MAGNIFICATION OF THE 
REFLECTING TELESCOPE 

By ARTHUR C. LUNN 

It is known that in the case of the reflecting telescope in any of its 
usual forms the principal reason for the smaUness of the field of 
good definition is the presence of coma in the extra-axial point-images, 
which, if the axial image is well defined, is to be ascribed to the fact 
that an areal image surrounding the axis is difi"erently magnified by 
the ditTerent zones of the mirror or mirror-system. Abbe, who gave 
this explanation for the general case of any optical instrument con- 
sisting of a centered system of reflecting or refracting surfaces of revo- 
lution, showed that the magnification by any zone is 

sin «' , . 

fn = -, , (i) 

sin II 

where w' and u are the angles made with the axis by conjugate ra}'^ 
of a central iK-ncil, respectively Ix-fore and after passage through the 
zone in question.* If tlie object is at infinity, as in the astronomical 
case, sin u' is to Ix' replaced by the linear distance from the axis to the 
parallel ray incident on that zone, then m will give the ratio of the size 
of the image to that yielded by an ideal objective of unit focal length. 
Good (lefmition in tlie neighborhood of the axis demands the con- 
stancy of m for all zones of the aperture, which is the famous "sine- 
condition" of optical design. 

The corresponding errors in the refracting telescope can be removed 
over a field of a certain size by a})propriate design of the component 
lenses, as in the telescopes used for the astrographic chart and in 
general those having objectives of the Fraunhofer type. Here the 
four (or morej refracting surfaces, while so nearly si)herical as to be 
individually far from alxTration-free, have their curvatures so chosen 
that wlien combined tlii-y give the required compensation of their indi- 

J Czaj)^k.i-Ei)penstein, (JruuJzuf^e der Thcoric der optischen InstrumenU nach 

Ahbc, pp. 123 tt. 
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vidual errors of magnification, simultaneously with a complete or 
approximate compensation of their axial aberrations, leaving perhaps 
a residue of the latter to be removed by slight departures from the 
spherical figures. 

There is no theoretical reason why such a compensation could not 
be cflected in the case of a reflecting telescope, consisting of two or 
more mirrors with their meridian curves so designed that while the 
individual reflections would in general not be free from aberration on 
the axis, yet the system as a whole would yield a perfectly defined 
axial image and at the same time satisfy the sine-condition. An 
example of such a system has been described by Schwarzschild,' con- 
sisting of a pair of mirrors resembling the Cassegrainian form, each 
of which is, for a considerable angular aperture, so nearly a quadric 
surface of revolution as to admit of separate testing by the use of its 
geometric foci as optically conjugate; but in neither case are these 
the conjugate foci proper to the mirror when combined into the 
system. 

For convenience of testing and other reasons it is however desirable, 
and in existing constructions apparently universal, for each mirror 
separately to be free from axial aberration through being a quadric 
surface of revolution having as conjugate optical foci its own geo- 
metric foci. The present investigation concerns the question: How far 
is it possible by suitable choice of the focal lengths of the component 
mirrors, retaining this practical condition, to diminish the errors due 
to the departures from constancy of the sine-ratio? The outcome 
is that for all such systems, of any number of mirrors, those errors are 
essentially the same, and identical with those pertaining to a simple 
parabolic mirror of equivalent relative aperture and focal length; so 
that for any essential improvement of extra-axial definition in this 
sense, without sacrifice of the illumination of the image through 
diminution of the effective angular aperture, the condition that each 
mirror be separately corrected for alx'rration must be given up. 

To find the value of m for a single mirror let e be the eccentricity 
of the conic section which is its meridian curve; and for definiteness 
suppose first that this curve is an ellipse of major semi-axis a, and 

I Ahhandluugen dcr k. Gesellschajt lUr \V issenschajten zu Gottingeny Math. Phys. 
Klassc, Neue Folge, Band IV, No. 2, 1905. 
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that an axial pencil is reflected from the farther to the nearer focus at a 
point of the mirror whose respective distances from the foci are r', r. 
If the angles w', u be taken to be acute and of the same sign when 
the point of reflection is between the vertex of the mirror and the 
cross-section through the nearer focus, the geometry of the ellipse 
gives 

ae4-rcosM=— ae-fr'cosM', rsin w = r' sin m', r+r' = 2a , (2) 

from which by elimination of r, r' comes 

sin (« — w') , V 

sin w-fsin w' * 

If w' be eliminated from this equation by means of the relations 

sin w' = m sin u , sin^«' +cos^m' = i , 

there results the quadratic equation for m: 

w^(i4-26rcos II -\-e^)-{-2me{e-\- cos w) — (i— e^)=o . 

The root — i is not applicable, being introduced by multiplication by 
sin w+sin ti\ hence 

w = -— -—. . (4) 

I -{-26 COS u-\-e^ 

A similar deduction shows that equations (3) and (4) apply without 
chajigc also to the case of the hyperbola, provided that the angles u', u 
Ix^ taken then as having oi)posite signs, corresponding to the fact that 
the conjugate foci lie on opposite sides of the mirror, while for the 
ellipse they are on the same side. This distinction is suitable also 
for the reason that with the ellipse, for which m is positive, the image 
and object are inverted with respect to each other, while in the case 
of the hyperbola, where ;;/ is negative, they are relatively erect. 
Moreover, equation (3) shows that interchange of u and u' simply 
changes the sign of e, so tliat the case of reflection from the nearer 
to the farther focus is accounted for by making e then negative. 
With these conventions, eciuation (4) may be regarded as the general 
expression for the zonal variation of the magnification in terms of 
the angle u between the axis and the ray after reflection. Since, how- 
ever, the absolute value of the magnification is not important for the 
present purpose, but only its relative variations for different zones, it 
is more convenient to use the ratio of m to the paraxial or ideal magnifi- 
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cation m^, the latter being the limiting value of m as u approaches 
zero, which by (4) is 

so that 

a formula which has the advantage of being directly applicable with- 
out indeterminateness also to the intermediate case ^ = 1, or the 
parabolic mirror, for which the factor M is analogous to the "blurring 
factor *' defined by Schaeberle' and tabulated by him for the extreme 
aperture of certain important instruments. For all values of u likely 
to occur in practice with a mirror of given eccentricity e, the value of 
M may be expanded as a rapidly converging scries in even powers of u: 

^^^='+(T^«'+---- (7) 

where the term in u^ measures the zonal error of the first order, by 
far the most important in ordinary cases. 

Consider next a system of two mirrors, denoted in optical order by 
indices i, 2, respectively, so that m, =m'. Then the paraxial magnifi- 
cation is 

so that in this regard the system is equivalent to a single mirror of 
eccentricity e, defined by 

I— e 1—^1 i—e. 



i-\-e I -h<?i i+ea ' 
whence 



(9) 



e= --— - . (10) 

The zonal factor for the first mirror is 

while, since interchange of foci changes the sign of the eccentricity and 
changes the magnification to its reciprocal, the similar factor for the 
second mirror can be written 

^l/. = I-f,-^'^-sin^-^ (12) 

I Astronomical Journal, 18, 35, 1897. 
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Elimination of Ui from these two equations gives the relation 

which is an identity for all zones of the aperture. But M, is given 
also by 

Hence the zonal factor for the system is 

which according to (10) can be written 

3/=]i-r-^sin^^'}"' (16) 

in form similar to (6). This shows that the single substitute mirror 
of eccentricity delermincd according to (10) by the paraxial magnifi- 
cation is equivalent to the system also in its zonal errors. By induc- 
tion it follows that a system of n mirrors can be replaced in the same 
sense by a single equivalent mirror of eccentricity defined by 

The proof would need to be modified to cover the cases where e as 
thus defined becomes indeterminate, but these are of no practical 
importance. 

In any optical combination consisting oj a centered system 0} reflect- 
ing surfaces oj rei'olntion, each oj which is individually corrected for 
axial aberration, the relative zonal errors oj magnification at given 
points in the final angular aperture are identical ivith those oj a single 
mirror giving the same paraxial magnification. 

In the astronomical case the eccentricity of the first mirror is unity, 
and the dell nit ion of paraxial magnification must be modified accord- 
ingly; but eciuation {17) makes the substitute mirror also parabolic, 
as it should, and with e so defined the proof for the zonal factor M 
remains valid, so tliat the system is equivalent to a simple parabolic 
mirror of the >ame linear ai)erUin' and focal length. From the present 
point of \iew the advantage of the Gregorian and more especially of 
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the Cassegrainian form of telescope over the Newtonian lies in the 

increased focal length and consequently diminished angular aperture 

attainable, with a principal mirror of given linear aperture and a 

mounting of given size. 

Chicago, Illinois 
February 1908 



THE DETERMINATION OF THE HELIOCENTRIC 
POSITION OF A CERTAIN CLASS OF 
^ CORONAL STREAMERS' 

\ By JOHN A. MILLER 

In his M^hanical Theory of the Sun^s Corona, Professor Schaeberle 
assumes that the theoretical corona is caused by light emitted and 
reflected from streams of matter ejected from the sun by forces, which 
in general act along lines normal to its surface. These streams are 
assumed to be formed of a series of particles ejected from the same 
point of the sun's surface and following each other in such a way 
that they make a continuous stream. From the laws of mechanics 
it follows, as Professor Schaeberle points out, that of two particles 
of the same stream, that particle has the less angular velocity which 
is at the greater distance from the sun's surface. He further assumes 
that the streamers which we sec are not the actual streams but rays 
that, because of a certain optical principle, result from the ortho- 
graphic projection of two or more series of streams that intersect each 
other at a small angle. 

In what follows I have used all these assumptions except the 
last. Instead, and with no thought of controverting this notable 
and ingenious explanation of the corona, I have assumed that what 
we see and photograph are the real streams projected orthographi- 
cally on a plane perpendicular to a line joining the observer's eye 
and the center of the sun. Throughout the paper I have used the 
word stream to mean the actual stream of ejected particles and the 
word streamer to mean the orthographic projection of the stream. 

If we grant the above assumptions it is possible to show that 
some of these streamers will curve away from the projection of the 
pole of the sun throughout their entire length, some will curve toward 
it, while a few of tliem will at first curve away from, and later toward 
it, or vice versa. P\)r the latter class of streamers, it is possible to 
find the heliocenlric latitude and longitude of a particle at that part 

^ II is a pleasure to acknowledge my obligations to Mr. Walter R. Marriott, in- 
structor in mathematics, Swarthmore College, who has aided me in many ways, but 
I)articu]arly with the rather tedious computation^. 

2S6 
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of the streamer where it reverses its direction of curvature, the dis- 
tance of this particle from the sun, the point on the sun's surface 
from which the particle was ejected, the time it was ejected, and hence 
the position of the point of ejection at any time; we can also find 
the velocity with which the particle was ejected, the velocity of the 
particle at any time, the orbit of each particle in the stream, and the 
resultant of all forces acting on the particle, and, if we assume the 
law of the force, we can find the magnitude of any repulsive force, 
such as light or electric pressure, that may exist. It is further pos- 
sible to find a rough approximation of the position of streamers of 
the first two classes. 

To prove these assertions, choose as 
2-axis, the axis of the sun; 

jc-axis, the equatorial diameter passing through the west side of the sun; 
r-axis, a line perpendicular to the .vz-plane. 

Let .V, V, z be the rectangular heliocentric co-ordinates of any point ; 
Let <^ be its heliocentric latitude; 
Let B be its heliocentric longitude, measured from the vs-plane, positive 

in the direction of the sun's rotation; 
Let R be its radius vector; 
Let X be the angle between the s-axis and the line through the observer and 

the center of the sun ; 
Let the x- and the s-axis project into a ^- and 17-axis respectively; 
Let A be the angle that the projection of a radial line makes with the 

i-axis. 
Then, 

x = R cos <^ sin ^, \ 

y = R cos </) cos ^ , ) (i) 

z = R sin </) . ) 



^"=.v, 

17=2 sin X— y cos X , 

sin X tan </>— cos X cos B 



(2) 



tanJ= - - - \-. - - . (3) 



sm 



Hence all points lying in the plane 

tan X tan </>— cos B=o 
will project into the f-axis. 
All points lying in the plane 

cos <^ sin B tan A —sin X sin <^-l-cos X cos <^ cos d=o 
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will project into a straight line, making an angle A with the |-axis. 
The equation of the line will be 

17— tan A • f=o. 
If the force of ejection is normal to the surface of the sun, an 
ejected particle will move in the plane of a great circle perpendicular 
to the meridian of the sun through the point of ejection at the time 
of ejection and tangent to the small circle described by the point of 
ejection. Hence tan A will in general be different for dififerent parts 
of the same streamer. For, let 
/o=time of ejection, 

^0= longitude of P^, the point of ejection at the time of /q, 
<^o= latitude of Pq at the time to, 
<^ = latitude of the ejected particle P at any time /, 
^ = longitude of P at any time /, 
p = the projection of the radius vector of P. 
Let P" be the pole of the sun. 

Then from the spherical triangle PqP"P 

cos (^ — ^o) tan <^o = tan <^ (a) 

hence 

' ' -sin (^-^o) tan ^, = ^ (tan ^) . (6) 

\Vc may differentiate (3) with regard to 6^ and by the aid of {b) 
express 

^(tan.-l) 
as a function of 6 and constants. If 

the streamer will be a straight line and in this case only. In all 
other cases tan A will change, that is, the streamer will curve; for 
the is different for different parts of the stream. 

It is at once evident that one, in a rough way, can locate any 
curved streamer or curved prominence if the curvature is due to the 
rotation of the sun. Or, better expressed, one can determine whether 
or not a given streamer comes from a certain large region of the sun. 
For on any stream the longitude of the points decreases as the dis- 
tance from the sun increases and tan A increases or decreases with 6 
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d 
according as "^(tan ^4) is positive or negative. Hence if tan A is 

positive and ^(tan ^4) is positive, the streamer curves away from 

the pole. If, on the other hand, tan A is positive and -^^(tan ^4) is 

negative, the streamer curves toward the pole. That is, if the streamer 
curves away from the pole, and ^ must satisfy equation (3) and 

the inequality -^ (tani4)>o. On the other hand, if the streamer 
curves toward the pole, and </> must satisfy equation (3) and the 
inequality ;^(tan i4)<o. If one selects from the regions thus lim- 
ited those regions from which streams visible during an eclipse may 
issue, he may obtain in many instances fairly approximate values 
of 6 and ^. If one makes the further assumption (not far from 

the truth in low latitudes) that -rw (tan </>) =0 there results the very 

simple form, 

d , ,^ cos X— sin X tan <^ cos 

-j^ (tan A)^ r— ^ • 

dO ^ ' sm^^ 

The position of streamers of the third class, that is, those that for 
a part of their length curve away from the pole and for the remainder 
of their length toward it, may be found exactly. For tan A increases 
(or decreases) for a part of the streamer and then decreases (or 

increases) for the remainder if, and only if, -^ (tan ^4) changes sign; 

d 
that is, passes through infinity or zero. - ^ (tan ^4) passes through 

infinity if tan = oo , or sin ^=^0; that is, for streams at pole of the 
sun or in the ys-plane. In either case A =cp^. Hence 6 and for 
the point of a streamer where it reverses its direction of curvature 

satisfy the equation -^ (tan .4) =0. 

Solving this equation simultaneously with (3), (a), and (6), we get 

. tan -4 + cos \ tan (^-^o) 

tan ^= , — 7. — TTT (4) 

cos A -tan A tan (^-^o) 

cot \ 
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Projecting R on the ^-axis we have 

R =^4-. (6) 

cos 9 sin d 

A and p can be measured on the photograph, and hence equations 
(4), (5), and (6) determine exactly the heliocentric position and the 
radius vector of the point in a streamer where it reverses its direc- 
tion of curvature provided we can find 6—0^, 

I have assumed that the force of ejection is normal to the sun's 
surface, and therefore, because of the velocity imparted to the par- 
ticle by the sun's rotation, the direction of the initial velocity will 
not be along a normal to the sun. I have assumed also that after 
the particle is ejected the resultant of all forces acting on it — the sun's 
attraction and light or electric pressure — is a central force passing 
through the center of the sun and that it varies inversely as the square 
of the distance from the center. Each particle of the stream w^ill 
therefore describe an ellipse,^ one focus of which — the one near 
perihelion — will be the center of the sun. It seems reasonable to 
suppose that all the particles of the stream have been ejected wdth 
the same velocity, and, since they are issuing from the same point on 
the sun, the major axis and the eccentricity of the orbits of all the 
particles are equal, though the planes of the orbits are different. 

It is necessary to measure, in addition to .4 and p, a{i-\-e), the 
greatest distance from the center of the sun that the stream attains. 
Before this is possible and must be approximately known, since 
the projection of a[i -\-e) is all that we can measure. A first approxi- 
mation of the values of 6 and 4> niay be obtained by assuming that 

^~(tan<^)=o. 

With this assumption (4) and (5) become 

^ tan A 

tan^= (4') 

cos A. ^^ ' 

. cot \ 
tan<A = - -. (5') 

cos ^-^ ^ 

The value that one obtains of a{i-rc) is somewhat uncertain. 
A (icfinite minimum value may be assigned to it since it cannot be 
less than its measured value. Its maximum value, however, is much 

I Or parabola or hyj)crlx)la. The curves on the plate discussed later are ellipses. 
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less definite. The stream may not have reached its greatest height 
or the entire stream may not have been photographed. However, 
all streamers broaden as they recede from the sun and the abrupt 
curvature of many streamers near their upper extension leads one 
to believe that he may be guided somewhat by the shape of the 
streamer and that he can assign a reasonably definite maximum 
limit. Besides, as can be easily verified by computation, one can 
change a(i +e) within fairly large limits without affecting large 
changes in 6 and ^. 

To complete the solution, 

Let P be a particle at that point of the streamer where the curvature 

reverses its direction; 
Let Pq be the point on the sun from which P was ejected ; 
Let P' be a particle at any point in the streamer; 
Let P'o be the point of ejection of P'; 
Let t be the time at which the photograph was made; 
Let to and /'o be the time when P and P' left the sun respectively; 
Let 0, <f>j Rj U'= respectively, the longitude, latitude, radius vector, and 

true anomaly of P at the time of /; 
Let ^o, <^o, -^o, "1^0= respectively like values for Po at time /q; 
Let 0\ </>', R\ i£;'= respectively like values for P' at time /'; 
Let O^oj <^'o> -^'oj ''ti''o= respectively like values for P'o at time /'©; 
Let z'2= velocity of ejection; 

Let t'i= velocity of the particle due to the sun's rotation; 
Let F= velocity with which the particle left the sun; 
Let e= eccentricity of the orbits; 
Let a=semimajor axis of the orbits; 
Let 0)= angular velocity of the sun; 
Let «=the mean motion in the orbit; 

Let C^=the constant entering into the differential equations of motion; 
Let i/^ = angle between the normal to the sun and the initial velocity. 

In addition to equations (4), (5), and (6) we have from spherical 

triangles, 

,^ ^ . tan (iv—Wo) ^ ^ 

tan(e'-e,)='^^l-^^^:^ (8) 

cos 9o 

tan </> , ^ 
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Now a large change in 6 produces a small change in ^ except in very 
high latitudes. Hence if we choose for P' the point in the streamer 
at the edge of moon's shadow, we can without sensible error put 
</)' =^o- Substituting this value of ^' in (3) we may solve for O*, 
We may now solve for R\ Since the particles travel in ellipses we 
have, 

R^^^^^^ do) 

I -\-e cos w 

Since four values of R are known, (10) yields four equations. Also 
a ( I -f-^)= so me measured quantity, (ii) 

r^ R dR 

t-to= / -^ =^ (12) 



This yields two equations. 
We have also 



«2(73=C* (13) 

tan ip = ~ 



4a^e' = R'o-\-(2a-Roy + 2 Ro {2a-Ro) cos 2^ (14) 

Fx=a)2?oCOS </>o (15) 

^o-^o=cuf/;-/,). (17) 

This is a sufficient number of equations to solve the problem 
completely. 

I have made an application of the preceding theory to the large- 
scale photograi)hs made by Professor W. A. Cogshall and myself at 
Almazan, Spain, during the total solar eclipse of August 30, 1905. 
These photographs were made with a lens of nine inches aperture 
and sixty feet focal length, mounted with its axis horizontal; the 
light being reflected into it by means of a coelostat. The weather 
on the day of the eclipse was disappointing. For two hours before 
totality the entire sky was covered with light though unbroken clouds. 
At the time of totality, liowever, the clouds in the immediate vicinity 
of the sun appeared to break away and the inner corona shone 
through light drifting clouds. The photographs show a very great 
deal of coronal detail, thougli they lack some of the definiteness that 
would have come from good seeing. The clouds made it impossible 
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to register verj' long streamers — the longest one photographed being 
about three-fourths that of the sun's diameter. 

From the negative made near the time of mid-totality, a scries of 
positives was made, each positive being printed deeper than the 
preceding one. On the thinnest positives the detail near the sun 
was lost, while on the densest positives the detail at a short distance 
from the sun was printed out. By the aid of this series it was pos- 
sible to trace a given streamer throughout its entire length. 

The general appearance of the corona over the region of the 
great prominences on the eastern limb of the sun indicates a very 
complex structure. The streamers there are not radial and their 
directions away from the sun arc so random as compared with simpler 
structure at other places that one can hardly escape the impression 
that they have been influenced by the prominences. Practically all 
the streamers curve, and curve regularly, though not uniformly. 
Most of them are nearly radial near the base, and curve much less 
rapidly there than at some distance from the sun, qualitatively, at 
least, as a stream of matter ejected from the sun would do. The 
diameter of nearly every streamer is smaller near the base than at the 
top. Of 63 streamers, which were all that seemed to me to be well 
defined, the bases of 18 were inclined north of the center of the sun 
and the bases of 6 were inclined south of the center; 39 curve toward 
the equator, and 14 away from it. The remaining ones, so far as 
I could tell, were perfectly straight. 

In addition to these I found five streamers — four on the west, and 
one on the east margin of the sun — that had double curvature. All 
curved first away from the pole, then toward it. I chose three of 
these streamers, all on the west limb of the sun, for discussion. Two 
of them were apparently near each other, the remaining one sepa- 
rated some distance from these. Denote by A and A\ respectively, 
the angle A where the streamer reverses its direction of curvature 
(in our case where the streamer begins to curve toward the pole) 
and where the streamer meets the margin of the shadow. I meas- 
ured these angles with a protractor that read to minutes, setting the 
protractor five times and measuring the angle four times at each 
setting. The table below contains the means of these measures as 
well as those of p. 
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Streamer 


1 No. I 


No. a 


No. 3 


A.. 
A'., 
p... 




2° 25' 

iU ^Ro 


11° 09' 
12 45 

m Ro 


59° 38' 
62 27 

m Ro 



Computing X we find 

A=84°42'. 
Using formulas (4'), (5')? arid (6) wc find the following approxi- 
mate values: 



Streamer 


' No. I 1 


No. 2 


No. 3 


e 



R 


24° 33' 20" 
5 49 25 
2.574 /?o 


64° S3' 24" 

12 19 52 

I. 271 Ro 


86° 54' 07" 

59 46 35 

I . 183 Ro 



These values must be regarded as very rough approximations. 

The values that one may now obtain for t—to and for 0' show 
beyond question either that the assumptions that were made regard- 
ing the formation of the streams were wrong, or that some other 
force than the attraction of the sun was acting on the particle after 
its ejection and that this force is a repulsive force. Choosing the 
latter alternative, we assumed that whatever this force may be its 
magnitude varies inversely as the square of the distance of the particle 
from the sun, and treated rigorously streamer No. i, according to 
the methods developed in this paper. For this streamer w^e have 

the following data: 

-1=2^25', 

-•l' = 3"34', 

a (i+r) = 2.5 Rq, 

Solving equations (3) to (r;) we get the following values: 

^ = 54^33', ^' = 5^^°iq', ./ =1.635/?,, <^, = 5%9'22'', 
<^ = 5 0249, <f>'= 5 4922, f =0.529, ^-/o = 25 1, 860 seconds, 

i? = i .3144 /^o, /?' = ! . 179, ^0 = 24^33', x'a =0.6 miles per second. 

The repulsive jorre is o.Q() the attraction oj the sun. 

That is, the j)articlc P at the i)oint of the streamer where it 

reverses its direction of curvature left the sun 231,860 seconds before 

the eclip.se occurred. The longitude and the latitude of the point 

of ejection when the particle was ejected were 24^ 33' and 5° 49' 22" 
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respectively. At the time of the eclipse P was i . 3 radii of the sun 
from its center. 

The force of repulsion is surprisingly large and hence the velocity 
of ejection very small. These results are entirely consistent with the 
conclusions reached by Campbell and Perrine (L. O. Bulletin No. 
115), and confirm in a measure the conclusions of Arrhenius (L. O. 
Bulletin No. 58). 

One cannot draw general conclusions from one plate or one 
streamer, but the nature of these resuhs is such as to warrant the 
reduction of others of the numerous large-scale photographs of the 
solar corona made since 1893. 

SWARTHMORE COLLEGE 
SWARTHMORE, Pa. 

March 21, 1908 



METALLIC ARCS FOR SPECTROSCOPIC 
INVESTIGATIONS 

By a. H. PFUXD 

In connection with some work which I have been doing recently 
on the redetermination of the wave-lengths of the iron lines accord- 
ing to the method of Fabry and Perot, it has been found not only 
desirable but imperative that the iron arc should bum steadily, 
without wandering or flickering. If one may judge from the most 
recent literature on the subject,' it is considered most difficult, if 
not impossible, to realize this condition for any desired length of 
time. Recently, however, I have constructed a simple type of iron 
arc which burns with an almost perfect steadiness and without the 
least attention for an hour or more. As the iron arc is so universally 
employed in spectroscopy, and as this new construction makes it a 
pleasure instead of a burden to work with this type of arc, I have 
thought it worth while to present the following note on the subject. 

Although the iron arc usually jumps about in a most erratic man- 
ner, it docs occasionally settle down and burn steadily, if, at such 
a time, the arc be viewed through a piece of smoked glass, it is found 
that the discharge proceeds from a bead of molten iron oxide on the 
lower electrode and terminates on a small bright patch on the upper 
electrode. This u|)per electrode, if it form the negative pole, becomes 
hollowed out in time to form a crater. The difficulty with this 
arrangement is that the bead of molten iron oxide soon rolls off the 
electrode and the wandering of the arc once more sets in. In order 
to reaUze permanently the conditions which existed while the arc 
was burning steadily, the construction shown in Fig. i w^as adopted. 

The lower (})Ositive) electrode (a), consisting of a rod of iron 
about 12 mm in diameter, carries a bead of iron oxide (b) in a small 
cup-shaped bowl. The upi)er electrode (f), an iron rod about 
6 mm in diameter, is made to j^roject by 3 mm from a brass bushing 
(d) fastened to the rod by a set-screw (e). This is done to prevent 
the electrode from getting too hot. Such an arc burns best if sup- 

I P. Evershcim, A strophyskal Journal, 26, 172, 1907; Zeitschriji jur wiss. Pho- 
to graphic, 5, 152, 1907. 

2«/) 
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plied with about 3.5 amperes from a 2 20- volt direct-current circuit. 
After the electrodes are carefully centered, the arc can usually be 
started by bringing the two electrodes into contact and then separating 
them. If this fails, the desired result can be brought about by bridging 
the gap between the electrodes by means of a carbon rod, or by heating 
the bead of oxide to red heat by means of a Bunsen burner and then 
bringing the electrodes into contact. It is best to limit the length 
of arc to about 6 mm. After burning for an hour or more, the upper 
electrode becomes incrusted with a layer of iron oxide 
which forms the crater already alluded to. Before 
starting the arc anew it is best to knock off this crust 
and to readjust the brass bushing. 

In attempting to apply this same construction to 
arcs of other metals it was found, as for example in 
the case of copper, that if the upper electrode were also 
made of copper the arc behaved very badly. There- 
fore the following general construction was adopted, 
which works perfectly for the metals thus far tried, 
viz., iron, nickel, cobalt, copper, silver, and platinum. 
The iron rod already described forms the lower (posi- 
tive) electrode while a rod of carbon about i cm in 
diameter forms the upper electrode. In order to pro- 
duce a copper arc a bead of copper oxide is placed on 
the lower electrode and the arc is started. Having 
prepared beads of the different metals or their oxides 
and having placed these beads in properly labeled pill- 
boxes, all that is necessary to change from, say, the copper 
arc to the nickel arc is remove the copper bead by means of a pair of 
tweezers and to replace it by a nickel bead. The method is as simple 
as it is satisfactory. 

A bead of any metal may be made by placing a small piece of the 
metal in question on the lower electrode. Upon starting the arc, 
the bead is formed immediately. If it is found that the bead is too 
small, its size can be increased by feeding some wire of the same 
metal into the bead while the arc is burning. The bead ought to 
be about 3 mm in diameter. It is to be emphasized in this connec- 
tion that the condition essential to the proper behavior of the arc 






a 



Fig 
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is that the bead of mohen metal or oxide be in the spheroidal state 
and that it bulge out considerably above the edges of its receptacle — 
as is shown in Fig. i. 

Of the various metals tried, the only one which at first gave 
trouble was silver. It was found that a bead of silver when placed 
upon the 12 mm iron rod failed to melt — and in consequence the 
arc was not steady. By using a carbon rod in place of the iron, this 
silver bead became as fluid as water and shot out minute globules 
of mctaUic silver. The proper conditions, which evidently lay 
between these two extremes, were finally realized by placing the 
bead on a rod of iron but 7 mm in diameter. This rod became 
sufficiently hot to keep the silver in a molten condition without 
getting it too hot. Under these conditions the arc behaves perfectly. 
In the case of platinum either a carbon or a thin iron rod may be 
used. 

These arcs, in which carbon is used as one electrode, may be 
drawn out to the length of about an inch and still behave satisfac- 
torily. The current may also be increased beyond 3.5 amperes. 
Comparing the spectrum of the iron arc produced when the upper 
electrode is of iron with that produced when the upper electrode is 
of carbon, it is found (as has been known before) that in the latter 
case the spectrum is very much weaker and that the lines in the 
visible region are relatively more weakened than those in the ultra- 
violet. A study of the Fabry and Perot fringe system shows that 
the hnes pro<lucod by this carbon-iron arc rival in homogeneity 
and sharpness the red and green lines of cadmium produced in a 
vacuum arc. 

Jonxs Hopkins Univkrsity 
March iqoS 



A NEW MERCURY LAMP 



By a. H, PFUND 

The following is the description of a simple form of mercury 
vapor arc, adapted for use in the visible as well as the ultra-violet 
spectrum and capable of being made by anyone familiar with the 
rudiments of glass-blowing. As will be seen from Fig. i, the lamp 
consists of a piece of glass tubing about 7 cm in length and i . 2 cm 
in diameter, to which there is sealed a larger tube, 
3 cm in diameter and 18 cm in length. A side tube 
is scaled on this larger portion for the purpose of 
exhaustion. A platinum wire is sealed into the 
lower end of the smaller tube, which is then filled 

with clean mercury to a 

height of about 3 cm. The | ^ q 

mercury forms the negative c= 
electrode, while a hollow 
sheet-iron electrode forms 
the positive. This electrode 
is made by cutting out a 
piece of sheet-iron as shown 
in Fig. 2 (a) which is sub- 
sequently bent into the form shown in Fig. 2 (b). 
The lower portion of this lectrode is of somewhat 
smaller diameter than the upper, and, when in place, 
Fig. I does not touch the glass tube at any ])oint. This 

construction is adopted for the reason that the arc, 
which terminates on the lower ring of this electrode, raises it to red 
heat — and if this portion of the electrode were in contact with the 
glass, a crack would result. The i)ositive electrode is about 1 cm above 
the mercury and is held in place by friction. The current is led 
into this electrode by means of an iron wire passing along the length 
of the tube and out at the top. As the iron wire is considerably 
heated by the current and as under these conditions there is a ten- 
dency to soften the sealing-wax, through which this wire passes, it 
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is ad\isable to fuse a piece of copper w-ire to the iron, as shown in 
Fig. I at (c). The copper wire must be shellaced thoroughly to 
keep it from being amalgamated. The top of the lamp is closed 
by a quartz plate, the air-tight seal being effected by means of sealing- 
wax. 

The lamp is next exhausted on a mercur}- air-pump and it is best 
to run and heat the lamp while it is still on the pump so as to drive 
off the water vapor and the gases contained in the electrodes. After 
carrying the exhaustion to as high a degree as possible, the lamp is 
sealed off from the pump and is ready for use. 

The lamp burns in a vertical position and consumes from 1.4 to 
1.6 amperes supplied from a no- volt direct-current circuit. The 
arc is readily started by heating the lower, mercur\'-filled portion by 
means of a Bunsen burner. Either by tilting the lamp or by giving 
it a sudden, upward jerk, contact is made between the two electrodes 
and the discharge sets in. If the light in the visible spectrum alone 
is required, it may be taken out through the side of the tube, but if 
the ultra-violet is also needed, it is taken out through the quartz 
window at the top. A totally reflecting quartz prism or a speculum 
mirror gives the light a horizontal direction. 

After the lamp has been running for several days it is found that 
gases are liberated and as a result the arc becomes so hot that the 
glas.N softens and eventually sucks in. It is easy, however, to avoid 
this by testing, from time to time, whether the glass is getting too 
hot. If })aper, u[)on being held against the glass, is charred, it is 
time to stop the discharge and to re-exhaust. 

Without di>ciissini: in detail the various advantages of this type 

of mercury lamp, it may be >tated that the lamp lasts for a long time 

anrl that, without a|)plying strips of wet cloth to the upper portion 

of the larL^- tube, it remains cold and no mercury condenses on the 

quartz winfiow. 

Jr,HNs Hopkins University 
March icyoS 



THE 

ASTROPHYSICAL JOURNAL 

AN INTERNATIONAL REVIEW OF SPECTROSCOPY 
AND ASTRONOMICAL PHYSICS 



VOLUME XXVII JUNE I Q08 NUMRHR 5 

RADIAL VELOCITIES OF 99 STARS OF THE SECOND AND 

THIRD SPECTRAL CLASSES OBSERVED 

AT BONN 

By F. KUSTNER 

During the years 1903 to 1907 I have, in collaboration with Dr. W. 
Zurhellen, obtained spectrograms of nearly all stars of the second and 
third spectral classes down to the fourth visual, or fifth photographic 
magnitude, which could be observed in Bonn, using the photographic 
refractor by RepvSold and Steinheil of aperture 30 cm, and focal-length 
5.1 m. The radial velocities resulting from provisional compula- 
tions are briefly communicated herewith. The definitive results will 
be published later in extenso in the Veroffentlichungen der Bonner 
Skrnwarie, but they will not differ much from the values given here. 

The spectrograph employed was constructed by Topfer of Potsdam, 
and has three 60° prisms of heavy Jena Hint, which arc set at the mini- 
mum of deviation for Hy. The height of the prisms is 32 mm, and 
the lengths of their sides are 52, 54, and 56 mm. The collimating 
lens is of 28 mm aperture and 450 mm focal-length, and the camera 
lens of 30 mm aperture and 361 mm focal-length. The sjicctrum is 
sharply defined from X 4150 to X 4500. At medium temperature the 
dis])ersion is as follows: 

^ Disixrsion for One Tcnih- Tenth-Meiers 

Meter jxt nun 



4200 4h' 2 = o.oSi mm 12.4 

4,1100 3U-H 0.070 14 -4 

Jly .^ 7 ^' o c>^>'^ I ^52 

4400 ,^4 ^^ o . 061 16.5 

4500 ^o.b 0.054 18.7 
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The spectrograph is automatically kept at constant temperature 
by electric means. The light of the iron arc has served for compari- 
son after being diffusely projected through a ground-glass disk upon 
the slit. From two to five exposures of the comparison spectrum are 
made, according to the length of the exposure on the star. 

A microscope by Topfer, the screw of which has a pitch of } mm, 
has served for the measurement of the spectrograms. The spectro- 
grams of the first year, 1903, were measured both by myself and by 
Zurhellen, and my measurements are distinguished in the following 
list by a * attached to the plate number. The results of the two 
observers may be regarded as practically independent, inasmuch as 
we intentionally observed lines as different as possible. I have already 
published in detail these measurements in 1903, in Astronomische 
Nachrichten, Nos. 3972-73 (166, 177, 1904); the results must be 
briefly rei)eated, however, in connection with the subsequent measures. 
The spectrograms of the years 1904 to 1907 were all measured by Mr. 
Zurhellen alone, who has carried out this arduous work with great 
care. All the measures were in every case made in both positions of 
the ])late, with red to right and red to left, and the mean was used in 
the computations. The wave-lengths of the Fe lines, as a rule extend- 
ing from X 4210 to X 4482, were taken from Kayser, the wave-lengths 
of tlie stellar lines, from X 4220 to 4475, from Rowland. 

The following tabulation ,of the resulting radial velocities requires 
little explanation. Below the name of the star is given the right 
ascension and declination for 1900, the spectral type according to 
Miss Maury [Harvard Annals, 28) and the photographic magnitude 
according to the Draper Catalogue (Harvard Annals, 27). The 
column ''Kx|)osure" gives the duration in minutes, in parentheses 
when there was interference by clouds, and the initial of the observer, 
K or Z; in taking some plates the observers exchanged places, w^hich 
is indicated by KZ. The cokimn " Red. to o " contains the sum of 
the annual and (hiily com])onents of the velocity of the earth, the first 
being comj)ule(l by Schlesinger's table in the Astrophysical Journal 
(10, I, i8()()). The last two columns contain the number m of the 

star lines measured and the average deviation -—i' of the separate lines 
from the mean for the ])late. 
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Plate 
No. 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour 
Angle 



Observed 
Velocity 



Red. 

to 



Radial 
Velocity 



^^-J 



h Andromtdae 
a oh 34rro, 5 + 30" 19' Type XV, Mag. 4.79 







min. 




km 


km 


km 


492 


1Q05, Oct. 20.424 


(TIO)Z 


o>> itn + 1.48 1- 3.45 


- 1-97 


777 


1906, Ocl. 8.4Q5 


los Z 


+ 52 


- 5-75 1+ 2.20 


- 3-55 


793 


1906, Nov. 10.433 


120 z 


+ 1 34 


+ 9.81 


- 1 2 . 92 


- 311 


1009 


1907, Nov. 1. 45 1 


120 z 


+ 1 24 


+ .V3^ 


- 8.85 


- 5-53 



km 

±1.9 

3-3 

1.8 

1-7 



Mean : 



- 3-54 



a Casslopeiae 
a oh 34m8, S + 56 o' Type XV, Mag. 3 .88 



278 
281 

510 

820 



1904, Oct. 19.416 


51 K 1 


-0 15 !- 5.73 


+ 3-3^ 


- 2.35 


16 


±1-7 


1904, Oct. 27.430 


53 K 


4-0 36 


- 2.43 


4- 0.52 


- 1. 91 


15 


1.4 


1905, Nov. 30.303 


62 K 


-0 15 


4- 7.91 


-TO. 97 


- 306 


20 


2.1 


1906, Dec. 23.221 


60 K 


-0 43 


+ 14 43 


— 16.92 


- 2.49 


25 


17 



/3 Ceti 



a oh 38T5, 5— 18 32' 



Mean: — 2.45 



Type XV, Mag. 3.86 



311 


1905, Jan. 1 . 238 


60 K 


-l-o 16 


+ 42.33 


i-27.93 


! +14.40 


16 


±1-8 


3^3 


IQ05, Jan. 2.230 


60 K 


40 8 


+ 43-01 


i- 27.84 


+ 1517 


15 


1.6 


525 


1Q05, Dec. 18.285 


70 K 


4-0 26 


+ 43 27 


-28.22 


+ 15-05 


16 


1-3 


103 1 


1907, Nov. 21 .350 


85 K 


4-0 12 


+ 38.60 


-23-85 


+M-75 


17 


i '-^ 



Mean: +14.84 



4-73 



77 Cassia peiac 
a oh 43^0, 5 + 57^17' Type XI I T, Ma^ 



- 7.40 +17.83 

+ 18. 8S |- 7.75 

I + 23 . 38 —15.11 

+ 9.71 - 0.04 



Mean: + 9.88 

^ A udromedae 
ih 4^1, 5 + 35 5' Type XVII, Mag. 4-57 



1 
751 


1906, Aug. 


29 545 


105 z 1 


-0 42 


802 1 


1906, Nov. 


^?i ■ 297 


112 z 


- 1 00 


808 


IQ06, Dec. 


18.241 


100 z 


-0 42 


1008 


1907, Nov. 


I . S64 


100 z 


-0 51 



I + IO-43 


25 


±2.0 


+ 11 .IS 


25 


2.8 


+ 8.27 


19 


27 


1+ 9.67 


20 


14 



537 


1905, Dec. 31 .261 


80 K 


+ 18 


1 + 27.31 


1-25-65 


1+ 1.66 


29 ±2.1 


540 


IQ06, Jan. 1 . 260 


90 K 


+ 21 


+ 27.22 


;- 25.81 


+ 1 .41 


26 2.5 


821 


IQ06, Dec. 23.311 


90 K 


+ 58 


+ 25.25 


-24.12 


1+ 1-13 


19 1 2.4 


1016 


1907, Nov. 4 443 


100 Z 


+ 54 


+ 7 91 


1- 6.17 


+ I 74 


20 1 2.3 



Mean: + 1.49 
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Plate Date Et;» H^^-jr O^^^errx^ Red. Radial ^ 'x 'J 

No. Greenwich M. T. sure -\ii^le \ehjciiy to 3 Nekxiiy ^j^ "^ 

o I'rsae minoris 

a jE 22'^), 3-88 46' T>-pe XIII, Mag. bright 











'T>in. 




km 




km 


km 




km 


IG4* 


iG^^ 


]uU 


2.^71 


60 K 


— 9^'20='- 


-17 45 


-^ 


2 57 


-14. 88 


16 


-il.6' 


1 04 


19^3. 


July 


2 371 


00 K 


- g 20 


-l^ 13 


■*■ 


2 57 


-13 56 


18 


2-4 


ic/;* 


i'>o^ 


iulv 


4 47- 


70^ 


- 6 ;o 


-1S.70 


— 


2 99 


-15 71 


17 


2.^ 


10^) 


IC/O^ 


Tulv 


4 47<^ 


7Q K 


- 6 >o 


-19.51 


-^ 


2.99 


— 16.52 


17 


1.8 


40,^ 


190^, 


Mav 


^0 :;6i 


;o K 


-II 43 


/ / / 


— 


3-^^ 


-II ty^ 


16 


2.0 


410 


1905, 


Mav 


31 ;6o 


2; K 


— II 27 


-11.45 


— 


3^9 


-15.12 


14 


2 7 


414 


1905, 


June 


IQ 371 


4c K 


— 10 10 


-13 41 


-*- 


0.08 


-^l>-n 


If) 


25 



\'cl<»city variable 
17 Piscium 
a i>i 2''^ I. 5-14 50' Tyjio XIV. Mag. 502 



29 5 


n^04, 


Nov. i; 


. ;(>S 


^0^ 


19-=^' 


Nov. 27 


^'"> 


M7 


igo7, 


Jan. 24 


201 


i^n 


HJ07. 


.Vov. 22 


4?5 



122 Z —0 1^ —2S. 67 —14.24 +14.43 14 —1-5 

rodZ — o 37 —34 04 —19.38 -M4.69 17 1. 8 

ICO Z —I ^o —45.66 —29.93 "^15-73 i^ I 9 

108 Z -ri 31 —31.41 —17.14 4-14.27 16 1.7 



Mean: — 14.77 
i- Persei 
a I'n 3i':S, 5-45= 7' Type XV. Mag. 5.10 



515 1905, Dec. I 422 100 Z —I 44 — 2g.i2 —II Si 4- 17.31 16 —3.0 

S50 1907. Jcin. 27,. 2^7, 100 Z -r I 9 — 42.6S —24.41 -'-18.27 ^9 2.6 

8vV 1007, J<in. 26.245 ^^^ '^ ^^ 9 ^43 05 —24.56 — 1S.49 25 1.9 

1036 1907, Dec. 4 3^' 1^5 Z — o 54 —31.21 —12.56 +18.65 16 1.7 



Mean: 4-18. 18 
7 Andromedae, rnaj. dpi. 
5-41^ 51' Type XW Mag. 4.05 



290 10^4, Nov. 14.44.S 53 K -TO 49 —5.19 — 4.67 — 9.86 16 —1.4 

520 19s:;, Jan. S 340 5^ K -i 51 —13.50 —24.35 —10-85 ^5 ^ -4 

x.t,'] igoO, Jan. 17.272 05 K -t-o ^- —15.^)9 —25.71 —10.02 16 2.6 

1020 1907, Nov. 5.4O; 75 Z +0 34 —10.82 — o.rf) —10.98 20 1.7 



Mean: —10.43 
a Arietis 
a 2-1 r:5, 5-^ 23'^ o' TyjH' X\', Mag. 4 13 



2^9 


19^-4- 


.\ll^^r. 2; 601 


40 Z 


— 


>2 


-.vs.37 


^ 25 94 


-12.43 


20 


.4:2.0 


-J9S 


IT- 4. 


N'.v. Iff. v^:; 


51 Z 


— 


42 


— 2.21 


- 9 35 


— II .56 


20 


i.g 


299 


I'r-I, 


Dec. 2 1 -,2X, 


45 ^ 


-0 


14 


^ 10.08 


-23 95 


-13 27 


20 


1.8 


S'4 


190;. 


Ian. 2 2S:5 


4c K 








-12.75 


— 27. 1 1 


-14.36 


20 


15 


S'^7 


19'^^. 


N'.v. 2S 37 4 


.^ / 


— 





-2.70 


-14.94 


-12.24 


20 


2.0 


^r"^ 


i'r^'>. 


Jiin. 22 224 


'.z K 


— 


() 


- ih 66 


- 29 . 06 


— 13 00 


20 


1.9 



Mean: -12.81 



RADIAL VELOCITIES OF gg STARS 



30s 



Plate I 
No. 



Date 
Greenwich M. T. 



Expo- I Hour I Observed 
sure Angle Velocity 



Red. 
to . 



Radial 



OS 



Velocity ijgj 



6 



a 2^ y^y, S + S° 23' 



526 1905, Dec. 18.369 

824 j 1907, Jan. 22.264 

843 ' 190?' Ja"- 29.251 

1037 1907, Dec. 16.405 



min. 
120 Z 
120 Z 
120 Z 
120 Z 



^' Ceil 

Type XIV?, Mag. 5.09 

km I km I km 

j4.oh59ml4.23.74 -24.44 - 0.70 

'+0 44 +22.46 1 — 30.20 j— 7.74 

+ 53 |4-20.6o '-30.05 I- 9.45 

+ 1 41 ; + i5.27 ,-23.65 |- 8.38 



Velocity variable 



km 

'±3-3 

' 2.1 

, 1.8 



Ceti, dark lines 
a 2*^ i4™3» ^ — 3° 26' Type XX, Mag. var. 



804 1906, Dec. 7.377 100 Z +0 20 
810 1906, Dec. 18.351 90 KZ i-fo 26 
818 1906, Dec. 22.354 100 KZ +0 46 



I 



+ 87.14 

+ 92.25 I — 24.16 +68.09 

+ 89.06 -25.27 ,+63.79 



20.60 j +66.54 I 16 1 + 3.9 

13 I 4.9 

14 I 3 4 



Mean: +66.14 



Cell, Hy bright line 



S04 
807 
S09 
810 

813 
S17 
81S 
^22 



1906, Dec. 7 .377 

IQ06, Dec. 12.356 

1906, Dec. 18.305 

igo6, Dec. 18.351 

1906, Dec. 21 .302 

iQOf), Dec. 22.310 

I90fi, Dec. 22.354 

1906, Dec. 23 .362 



100 z 


+ 20 


+ 71 . 10 


— 20.60 


+ 50.50 I 


(40) z 


+ 9 


+ 75.00 


— 22.30 


+ 52.70 ■ I 


20 K 


— 40 


+ 73-95 


— 24 . 06 


+4989 ; I 


90 KZ 


+ 26 


+ 7^' -93 


— 24. 16 


+ 52-77 T 


16 K 


-0 33 


+ 75 40 


- 24 . go 


+ S0.S0 I 


17 K 


-0 18 


+ 72-85 


-25.18 


+ 47 ^^7 ^ 


100 KZ 


4-0 46 


+ 76.^7 


-25-27 


+ 51.70 I 


12 K 


+ 1 2 


+ 74 • 20 


-25-55 


+ 48.65 I 




Mean of 


4 long ex 


)os. : 


+ ^\ .i)2 




Mean of 


4 short e.x 


pos. : 


+ 49-18 



a Ceti 



a 2>i 57"'!, 5 + 3° 42' 



Ty].e X\II, Mag. 4 63 



300 igo|, Dec. 2i.3g6 100 Z +1 i — 2.37 — 2i.f)i — 23.gS 10 +2.0 

5 28 1905, D<'C. 25.3S3 100 K ^ o 57 — 0.71 — 2 2.Sg —23.60 14 2.1 

555 igoO, Jan. i().2<j2 1 20 KZ +0 13 + s.Sg — 28.1S —22.29 17 3.1 

S52 T907, Feb. 5.247 100 Z +0 2O + 5 57 —29.46 — 23.S9 12 2.2 



a 2l^ 57'!'5, 5 + 53° 



Mean: —23.44 



7 Prrsei 



Type XI\', Mag. 4.01 



5^>7 
831 

^^53 



1905, Dec. t8 .4<'\^ 
igoO, Jan. 23 . 2g2 
1907, Jan. 23.341 
igo7, Feb. 7. 255 



70 K +2 23 +14 77 -II 78 + 2 gg 17 ±2.5 

So K +040 +23.76 — 2 2.3g + 1.37 I 18 ^.2 

75 K +1 50 +22. S3 —22.40 + 0.43 13 I 1.6 

70 K +044 +25.89 — 24.3g + 1.50 ig 2.4 

Mean: + 1.57 



3o6 



F. KUSTXER 



Plate 
No. 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour 
Angle 



Observed 
\'elodty 



Red. 

to i') 



\ Radial ^ ^ 
I Velocity .y^ 



frl 



K Perse i 



3h 2'?7, 3+44° 29' 



TyjK* XV, Mag. 5.12 



' mm. 

328 1905, Jan 14.^33 120 Z 

329 1905, Dec. 26.397 115 K 
823 I 1907, Jan. 13.370 (i2o)Z 



km km km km 

+ 0^59" i-53.38 -22.99+30.39 16 ±1.4 

+ 1 16 +47.24 —16.92 +30.32 17 2.8 

+ 1 47 +53-73 -22.63 +3110 22 1.6 



Mean : + 30 . 60 
a Persei 
a 3^ i7fP2, 5+49° 30' Tyj)e XII<;r. Mag. bright 



264 


.904. .\ug. 


29.639 


21 Z 


-0 58 


-27-55 


+ 25.40 


- 2.15 , 


20 


±2.2 


270 


1904, St*j)t. 


1 1 . 680 


25 z 


+ 53 


- 26 . 08 


+ 24.14 


- 1-94 


20 


25 


291 


1904, Xov. 


I4.4<^S 


27 K 


+ 0. 29 


- 6.74 


+ 3-53 


- 3 21 , 


19 


24 


.S03 


1904, Dec. 


22.358 


25 K 


-0 10 


+ 11.92 


-13.09 


- 1. 17 


20 


2.6 


559 


1936, Jan. 


22.271 


2> K 


-0 13 


+ 21 .04 


-22.81 


- 1.77 1 


20 


2. 2 


600 


190O, Mar. 


7 23Q 


27 k: 


■ri 54 


+ 21.97 


-25.18 


- 3-21 1 


20 


2.6 



/ Tauri 



a 3H 2 5?4. 5^12° 36' 



Mean : — 2 . 24 
Type XV ?, Mag. 5 . 1 1 



331 1905, Jan. 15 357 120 KZ +1 15 +53.43 —26.80 +26.63 ; 15 ±1.6 
842 1907, Jan. 27.307 ( roo)KZ +0 50 +45.32 —28.96 +16.36 17 ' 2.6 
847 1907, Feb. 1.300 120Z +0 59 -t-45.40 —29.56 +15.84 16 3.1 



X'elocitv variable 



7 TiiHri 



a 4^1 1 4'!' I. 8 -^- 15^ 23' 



Type XIV?, Mag. 4.85 



85 ^ igo;, Fcl). 7 327 102 Z +1 II +67.61 —28.76 +38.85 I 20 .±3.0 
857 igo7, Fcl). 9 2S2 loo Z +0 15 +69.87 —28.98 +40.89 16 2.0 
867 1907, Mar. 2,298 108 Z +2 I +08.98 —29.80 +39.12 18 ' 2.4 



.vl4 
8'r9 



Mean: +39.62 
5 Tiinri 
a 4^! 17' '2, 5+17^ iS' 'I>P*^' ^^ . Miig- 5 00 



.vl^> 


I gov 


81^ 


ig-^), 


825 


I go 7, 



Jan. 2().37r) 105 Z -f L 34 +70.26 —26.31 +43.95 I 17 ±2.0 

!)(•(. 21.400 J 20 Z +1 IT -^-52.60 —12.28+40.32 14 2.2 

Ian. 22 V)g 120 KZ -1- 1 +03.02 —25.03 +37.99 ' 29 2.2 

' 1 ' 



e TiiHri 



a 4!' 22'^'^, d-r i^" 5S' 



\'el(Kiiy variable ? 
TyinXV>. Mag. 4.83 



igov 
igoO, 
igo6. 



Jan. 23 :;Si T15Z -f- i*2-j +05 28 —25.06 +40.22 1 16 '+I.2 
Jan. 21.355 115 '^ ^o 4g +'>3 01 —2^.27, +37.78 , 21 2.1 

])i'r. 2 2 117 ' -^O Z -^0*51' -^^2.22 —11.98 +40.24 19 ' 2.2 



Mean; +39.41 



RADIAL VELOCITIES OF gg STARS 307 



Plate 1 


Date 1 


Expo- 


Hour 


1 Observed 


Red. 


Radial 


^i 


! H 


No. 


Greenwich M. T. 

1 


sure 


Angle 


Velocity 

1 


to 


Velocity 


\&'^ 


i ^ 








a Tauri 












a 4^ 30^2, 54- 16° 19' 




Type XVI, Mag 


■ 3-94 






1 


' 


min. 




1 

km 


1 km 


km 


1 


j km 


312 


1905, Jan. 1.352 1 


50 K 


1-01^52"' 


' +72.34 


1- 16.06 


+ 56.28 


1 15 


'±1.9 


315 ' 


1905, Jan. 2.366 1 


38 K 


-0 27 


+ 73.12 


I-16.53 


'+56.59 


1 ^5 


1 1.6 


321 1 


1905, Jan. 8.392 


40 K 


1+0 34 


t + 75-88 


-19.17 


1+56.71 


1 15 


1-5 


3.S4 1 


1905, Feb. 9. 31 1 1 


50 K 


i+o 43 


1+84-35 


1-28.49 


1 + 55 86 


1 15 


1 2.3 


481 ' 


1905, Sept. 22.698 1 


47 Z 


+ 48 


+ 28.86 


1 + 27-33 


+ 56.19 


20 


1 1.9 


5t6 


1905, Dec. 1 . 501 


50 z 


+ 39 


' + 55.57 


- 0.68 


1 + 54.89 


' 20 


1 ^9 


769 


1906, Sept. 24.691 1 


57 Z 


+ 44 


1 + 28.98 


1-1-27.01 


, + 55-99 


1 20 


1 1.9 



Mean: -I- 56.07 
vs Ononis 
a 4h 44tP3, 5 4-6° 47' Type Xllla, Mag. 4 .05 



334 



I I ' I ' i I 

..,. 19051 Jan. 20.370 90 Z ,+035 +47-60 I-22.15 1 + 25.45 ! 14 ±2.2 

561 1906, Jan. 22.412 80 K ! + 1 42 I +49.90 , — 22.80 4-27.10 , 16 I 3.5 

811 I T906, Dec. 18.457 ' 100 Z +0 29 +33.75 I— 7.98 ' + 25.77 12 I 2.9 

' \ \ ' ^ ,. 

Mean : + 26 . 1 1 
I Aurigae 
a 4h 5oni4, d 4- 3f o' Type XV, Mag. 4 . 87 



339 1 
523 1 
844 


1905, Jan. 22.384 
1905, Dec. 17.441 
1907, Jan. 29.350 


100 Z 1+0 57 
100 Z —04 

(90) KZ 1+0 34 


1 

1+40.72 
' + 24. 61 
1+43-46 


1-21. 67 
|- 532 
1-23.78 

1 


+ 19 05 
1 + 19.29 

+ IQ.68 

1 


, ^3 ±19 

17 2.4 

, 22 , 1.8 



Mean: 4- 19. 34 
V Aurigae 
a 5^ 44ni6, 5 4-39° 7' ' Tyj)e XVI ?, Mag. 5.17 

351 I 1905, Fel). 8.378 ' 120 Z l + i I '4-34.57 ' — 22. Q2 4- 1 1. 65 13 '±2.4 
576 1906, ?Vb. 5.392 ' 120 Z 4-1 8 -H 31 .59 | — 21 .89 I + 9.70 15 I 1.9 
87 1 1907, Mar. 3.335 ' 120 Z 4- 1 28 I 4-39. 16 — 27 gi , -I- 11 . 25 , 18 2.2 

Mean: 4-10.87 
a Oriotiis 

Type XVIII, Mag. bright 







a 5h 


4Q 


qvs, 5 


+ 7° 23' 


1 

356 1 


1905, 


Fel). 


g 


407 


60 Z 


367 1 


1905, 


Mar. 


1 


309 


62 Z 


..^^ ' 


igo5, 


Dc(. 


30 


474 


1 So K 


591 


190C), 


Mar. 


4 


3'7 


60 Z 



874 


1907, 


Mar. 4.323 


95 Z +18 


882 


1907, 


Mar. 7 307 


go Z +0 1^7 


892 


1907, 


Mar. 21 .293 


(88) KZ +1 32 



I I ' I 

4-1 41 +51 00 —23.11 4-27.89 10 +2.8 

i-ho 39 ' + 52.84 -27.54 +25.30 I II 2.5 

+ 1 35 +32.24 I- 5.78 4-26.46 18 I 2.7 

4-1 I +54 58 -27.94 +2f).64 15 2.1 

Mean: 4-26.57 
5 Aiirif^ae 
T'3, 54-54° 17' ' Type XV, Mag. 4.81 

4-35 96 -24.78 +11. 18 19 '±1.6 
,+36-57 1-25-09 1 + 11.48 I 17 I 2.4 
+ 35 85 -25.72 4- 10. 13 ' 23 1.7 



I 



Mean: 4-10.93 



3o8 



F. KUSTNER 



Plate 

No. I 



Date 
Greenwich M. T. 



Expo- 



Hour ' Observed 
Angle I Velocity i 



Red. 

to 



Radial I ° g I 
Velocity I |;5 ' 



M Geminorum 
a 6h i6'r9, 5+22° 34' Type XVIII, Mag. 4 .85 



530 1905, Dec. 26.503 
573 1906, Jan. 24.447 
H26 1907, Jan. 22.471 



mm. 
100 K 
icx) Z 
120 Z 



km 
+ 0^35"^ 4-57-99 
+ 1 8 +72.16 
+ 1 3.3 +7040 



c Geminorum 



I km km 1 km 

- 0.42 +57-57 ' 14 ±2.5 

-15.06 +57.10 14 I 2.7 

-14.07 +56.33 16 2.8 



I 



Mean: +57.00 



c ueminorum 
a 6h 37^8,5 + 25° 14' Type XIV, Mag. 4 .66 



I 



I 



370 1905, Mar. 8.366 90 Z +1 40 '+39.08 —27.90 +11. 18: 1 II idb2.i 

37Q I 1905, Mar. 22.310 (i3o)KZ +1 15 +38.15 —29.63 1+ 8.52 15 ' 1.5 

+ 1 23 +34.86 -2b. Ob + 8.80 18 I 2.5 

+ 1 12 +21.20 —12.29 ;+ ^-9^ ' 22 I 1.8 



88 1906, Feb. 28.376 (^iio)Z 
'■^7, 1907, Jan. 23.468 105 Z 



002 



Mean: + 9.35 
a Cants minor is 
a 711 34'Pi, 5 + 5° 29' Type Xllti, Mag. bright 



>47 


iQOv 


Ian. 


26 


442 


10 K 


' —0 


7 


+ I 


•07 


- 5-77 





4.70 


15 


'io.8 


359 


IU05, 


Feb. 


13 


352 


(32)k: 


— 1 


6 


+ 11 


09 


-M13 


— 


3-04 


14 


1 1.8 


vSi 


igo5, 


.\pr. 


13 


294 


iS K 


+ 1 


22 


+ 25 


27 


- 28 . 60 


— 


3-33 


20 


1-5 


497 


IQ05, 


Nov. 


3 


740 


iS Z 


+ I 


3' 


-31 


7^^ 


+ 27.42 


— 


4-34 


20 


15 


>>4 


I go 5, 


{)l'C. 


30 


522 


16 K. 








— 11 


15 


+ 7.90 


— 


3 25 


20 


1-9 


627 


igoO, 


Mar. 


2>> 


2g2 


i| R 


+ 


16 


+ 23 


7^^ 


- 27 • 21, 


— 


3 47 


20 


1 2.1 


7^4 


igo6, 


Nov. 


10 


()S4 


20 Z 


+ 


35 


- 29 


53 


+ 26.34 


— 


3-19 


20 


1-4 



Mean: — 3.62 
K Cicniinorum 
a -h 3S'"4. 5 + 24" 3S' Type XIV, Mag. 4.62 



n)0^. Mar. 13 .421 
igD5. Mar. 20.37 ; 
igo(). Mar. 7 . 7,()7, 
rgo7, Mar. 7.3S7 



11^ Z 
r2o Z 
120 Z 
go KZ 



+ 48.44 -25.90 +22.54 14 

+ 49. 58 -27.44 +22.14 16 

^v^ .,1 +45-^5 -24.00 +21.15 ^ 19 

+ 1 5 +44.S5 —23.96 +20.89 I 22 



+ 2 ig 
+ 1 3^> 
+ 31 



±2.1 

1.8 

i 2.8 

i 2.6 



J'!'2, 5 + 2S= 



Mean: +21.68 
ti Gcniiuorum 
\b' ^lypi" -"^V, Mag. bright 



1 ^o 


igo|. 


.\pr. 


i^ 


^''7 


^0 K 


+ 3 


TI 


1 
f :iS.O0 


— 29 . 6 1 


+ 


5-45 


14 


±1-5 


-^~ 


igoi. 


Ort. 


^0 


(iS; 


'47^/> 


— 


h 


-24 Si 


+ 2S . 6 T 


+ 


3.80 


15 




3 


V).S 


ig-^. 


Mar 


I 


40S 


^f. Z 


+ I 


I 2 


+ 2f). I() 


— 22.22 


+ 


3-94 


16 




I 


^f)S- 


ig-S. 


.Mar. 


1 


4.;S 


3h Z 


-^ I 


T2 


+ 2g.4g 


— 22.22 


+ 


427 


20 




4 


VS2 


igo>. 


Apr. 


I > 


> \^ 


^g K 


4- 2 


g 


+ 33 42 


— 2g.62 


+ 


v8o 


20 


^ 


9 


v"^=; 


i<r:)=;, 


.\i.r. 


I \ 


\ 2 \ 


4-^ ^ 


+ 2 


^ 


+ 3i .06 


— 20 60 


+ 


5.06 


20 




7 


4«n 


ig'^;. 


N-.v. 


\ 


fWi.S 


U Z 


— 


iS 


- 2 2 . S I 


+ 2S . 04 


+ 


5 - 2?, 


20 


I 


2 


V>:; 


i()y\ 


Ian 


22 


=;''! 


^0 K 


+ 


^ > 


4- 10 go 


- 5.20 


+ 


5 70 


20 


I 


2 


>'>V 


io-^'\ 


Ian. 


22 


v^i 


30 K 


•^- 


^> 


4- 10.40 


- S 20 


+ 


5 . 26 


20 


I 


8 


y-'g 


lo^^y, 


Mar. 


2":^ 


301 


40 Iv 


4 


-!^ 


^33 85 


-28. 49 


+ 


5-36 


20 


2 






w ill) [I irti ill> .|r 



Wnr^. 



Mean: +4.79 
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Plate 
No. 



Date I Expo- 

Greenwich M. T. sure 



Hour 
Angle 



I Observed 1 
Velocity | 

I I 



Red. I Radial 
to O J Velocity 



^hJ 



/3 C a fieri 
a 8h 1 1?!, 5 +9° 30' Type XV, Mag. 5 .06 



634 
897 
914 



km 



iiiin. Kill Kill 

1906, Apr. 2.325 ' 120 KZ ; +oh46"\ + 51 .95 ' — 27.26 

1907, Mar. 24.328 I 125 KZ 1+0 14 +51.20 —25.23 

■\.r„_ -„ --_ _ .^ XT^ I ■ -- I 1 -, A- ..A ._ 



km 
+ 24 . 69 
+ 25.97 



I 



1907, Mar. 29.357 140 KZ +1 15 1 + 51.67 -26.47 +25 



km 

±3.0 
25 

2-9 



a 8^^ 22'Po, 5 + 61° 3' 



Ursae majoris 



Mean: +25.29 



Type XIV, Mag. 4 66 



855 I 1907, Feb. 7.418 
8'io 1907, Feb. 9.407 

856 1907, Mar. 9. 31 2 



90 KZ — o 45 +29.81 
100 KZ — o 53 ' + 31.61 
(35) Z -I 20 +40.52 



9.97 +19.84 I 23 ±2.6 

10. 68 ' + 20.93 I 16 I 2.6 

— 18.81 I + 2T.71 16 I 2.8 

28 ' 2.4 



^v.w *v^/» -•'^"*- y-o*" \JD/ " * -w , «t^j- I A.-'.v** , ^...j^ 

900 I 1907, Mar. 26.306 80 KZ — o 21 +42.45 ' — 21.69 +20.76 

Mean: +20.81 
1 Cancri 
a 8h 4ofp6, 5 + 29° 7' Type XIV, Mag. 4 .85 



584 1906, Feb. 15.495 j 110 Z 

S94 ' IQ07, Mar. 22.408 I 120 Z 

910 1907, Mar. 28.369 120 Z 

918 1907. Mar. 30.365 140 Z 



l + i 20 +28.74 —10.57 +18.17 14 

+ 1 31 '+40. 61 —24.19 +16.42 13 

+ 59 +41.89 1-25.72 +16.17 14 

l + i I +43-74 I-26.18 +i7.5<'J M 



Mean: +17.08 
f llydrae 
a 8h 50^?!, 5 + 6° 19' Type XV, Mag. 4.42 



S65 T905, Feb 28. 4 25 
63S 1Q06, Apr. 3.333 
S75 1907, Mar. 4.460 



(65)Z '+0 22 +37.29 -12.78 +24.51 16 
90 KZ +0 23 +49 43 —25.05 +24.38 , 25 

90 z +1 27 +38.03 ,-14.44 1 + 23-59 20 



I + I-7 
I 2.1 

; 2.7 
2.4 



±40 
2.4 



a gVi i5"'o, 5 + 34° 4c/ 



40 Lyncis 



Mean: +24.16 
Type XVI, Mag. 4 98 



0.. 


1906, 


Mar. 


17 


1 
■435 


120 


Z 


1 
+ I 


17 


+ 60 


66 


— 20 


18 


+ 40 


48 


10 


+ 4 


3 


6 ^(j 


igo6, 


Apr. 


3 


412 


120 


Z 


+ 1 


T>^ 


+ 6^ 


17 


-25 


04 


+ .S9 


13 


19 


1 2 


2 


8qS 


1007, 


Mar. 


24 


425 


120 


KZ 1 + 1 


30 


+ 62 


60 


— 22 


3^ 


+ 40 


24 


'5 


1 2 


7 


942 


1907, 


.Apr, 


24 


354 


120 


Z 


+ 1 


50 


,^^^ 


5^ 


-/ 


99 


+ 37 


57 


19 


2 


4 



Mean: +39 35 
a Ifydrae 
a qh 22^-j, 5-S^ 13' Type XV, Mag. 4. 16 



I3<''> 
60S 
621 
901 



1904, Aj)r. 20.342 66 K 

190O, Mar. 14.436 90 Z 

1906, Mar. 26.377 I 90 Z 

1907, Mar. 26.380 80 K 



+ 1 12 ' + 2T.95 -24.58 - 2.63 

+ 59 + 9.03 -12.45 - 3-4^ 

+ 021 +15.02 —17.1^ — 2.1^ 

+ 24 +15.18 -17.0ft - 1.88 



I 
14 ±1-8 

22 2.6 

23 2.2 

1 6 I 2.2 



Mean: — 2.51 
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F. KISTXER 



Plate 
No. 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour 
Angle 



I Observed 
' Velocity 



Red. 

to 



Radial 
Velocity 



OS I 
6.S 



6 



VrsM major is 
a gh 2^2, « + 52° 8' Type Xllla, Mag. 4 . 14 



376 1905. Mar. 20.466 

383 igo5, .Apr. i3.40^'> 

603 igo6, Mar. 7. 452 

926 \ 1907, Apr. 1 .381 



min. 
60 Z 
88 Z 
92 Z 
75 K 



' km km km I ' km 

+ 2^ 4^" +35.46 -19.61 -1-15.85 i 15 |±l.9 

+ 2 14 i+39 97 -2374 +16.23 13 ; 2.1 

+ 51 +30.25 -15.72 I + I4-53 ' 18 I 2.4 

+ 47 +39.01 —21.99 +1702 16 1.8 



Mean: +15.91 



c Leon is 



a 9^40^2, 5 + 24° 14' 



Type XIV P, Mag. 4.34 



73* 


1Q03, 


Mav 


24 


379 


78 K 


+ 3 


59 


73 


1903, 


Mav 


24 


379 


78 K 


+ 3 


59 


141 


1904, 


Apr. 


24 


399 


80 K 


+ 2 


32 


3^5 


I90>, 


Apr. 


25 


379 


72 K 


+ 2 


7 


402 


1905, 


May 


15 


349 


i8o)R 


+ 2 


41 



+ 34.01 —28.50 
+ 34.02 -28.50 
+ 3^.05 -28.19 

+33.76 ,-28.26 
+ 35.20 -29.11 



15 i±2.8 

15 ; 2.8 

15 ! 16 

22 2.0 
15 I 1.8 



' Mean : + 5 . 90 

7 Leon is, maj. tip!, 
a loh i4l\^, 5 + 20° 21' Type X\', Mag. 3. 72 



1 

S4* 


1903, 


Mav 


4 


421 


60 K 


+ 3 


() 


7 


22 


-28.25 


S4 , 


1903, 


Mav 


4 


421 


60 K 


+ 3 


6 


- 6 


S8 


-28.25 


148 ' 


1904, 


Mav 


Q 


415 


hS K 


4-3 


20 


- 4 


88 


-28.87 


397 


IQ05, 


Mav 


3 


349 


60 Z 


+ 1 


21 


- () 


5Q 


-28.07 


9^9 


1907, 


Apr. 


2 


422 


70 K 


+ I 


2 


-15 


15 


— 20 . 04 


948 


1907, 


Mav 


1 1 


344 


75 K 


+ 1 


43 


— 5 


81 


-28.88 



-35-47 


13 


±2.6 


-34.83 


15 


2.6 


-33-75 


15 


1.8 


-34.66 


15 


I.O 


-35-19 


30 


2.1 


-34-69 


20 


23 



Mean: -34 77 

M L'rsac major is 
a io>^ 16^4, 5^42° o' Type X\'I, Mag. 4.88 



137 

67Q 

6S0 
6S1 



igC4, Apr. 20.451 1 iS Z 
1(^04, May 10.370 go KZ 

tgoo, May 3 377 (i20)Z 

igo(), May S.35(j 100 Z 

K^oO, May 11. 35S (i20)Z 



+ 2 54 

-^2 ^o 

+ 1 57 

^1 51 

+ 2 1 



+ 11. gg -24.4^ -12.44 I 15 i±i.6 

+ in.3g -25.79 - g. 40 14 1.7 

+ 11.46 -25.65 ,-14.19 I 14 1 3.0 

+ 10.95 -25.84 —14.89 13 3.4 



+ 



-25.87 —18.60: 



4-4 



X'elocity variable 

40 Leonis tiii}ioris 
loh 47^:7, + 34^ 45' Type X\". Mag. 4.95 






igo6, Apr. 2.425 
igo;, Mar. 27 477 
J (;:■;, Mar. 2g . \- i 
\qrj-^ Apr. 22 \')> 



I 20 KZ +0 33 

120 Z + I 23 

M5 Z ^122 

I 20 Z + c 43 



I 
+ 30.i;<) — i8.o2 +18.97 I ^8 ±3.2 
+ 32 (JO —1 5. 84 +17.06 21 1.9 
+ ^4 70 —If). 57 +18.19 I 21 2.0 
+ 41 lO — 23 54 +17.62 22 2.4 



Mean: + 17 96 



RADIAL VELOCITIES OF gg STARS 
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Plate 1 


Date 


Expo- 


Hour 1 Observed 


Red. 


Radial 


^i 


•^1 


No. 


Greenwich M. T. 


; sure 


Angle 1 Velocity 


to 


Velocity 


0-^ 


5 






a 


Ursae majoris 












a loh 57rp6, 


a +62° 18 


Type 


KV, Mag. 


4.10 






1 




1 min. 


1 km 


km 


km 




km 


95* 


190.^, June 27.391 


1 60 K 


^.-hijm + 4.Q3 


— I 2 . 03 


- 7.10 


13 


±1-4 


95 1 


1903, June 27.391 


60K 


+ 5 12 + 4.65 


-12.03 


- 738 


15 


1.6 


135 1 


1904, Apr. 19.458 


45 KZ 


-1-2 20 -1-9.27 


-18-57 


- 930 


15 


2.9 


15^"^ 


1904, May 19 356 


37 K 


-l-I 51 14-10.43 


-18.53 


- 8.10 


16 


2.0 


399 


1905, May II ^yf) 


, boZ 


-f-I 47 ,-1-13.04 


— 19.02 


- 5-98 


16 


13 


070 . 


1 900, Ai)r. 13.413 


60 K 


-f-o 49 + II .48 


-17.87 


- (>-39 


17 


2.0 



Mean: — 7.38 
\p Ursae majoris 
a I ih 4"^?, 5-1-45° 3' I'yp^ ^^'> ^lag. 4 . 59 



131 1904, Apr. 15.501 105 KZ -1-3 I -1-18.63 —20.42 '— 1.79 

J46 I 1904, May 7.420 70 K -1- 2 30 -I-20.59 —23.65 — 3 06 | 

401 1905, May 12.374 i(iio)Z ,-|-i 42 -I-21.80 | — 23.89 j— 2.09 

649 1906, Aj)r. 6.471 no Z -I- 1 40 I -I- 15.39 — 18.01 '— 2.62 I 

Mean : — 2 . 39 
V Ursae majoris 
a iih i^rpi, 5-^:^;^° 38' Type XVI ?, Mag. 5.15 



15 


±19 


15 1 


15 


^5 


2.4 


22 , 


30 



160 
938 

946 



1904, May 20.389 
1904, June 4.382 
1907, Apr. 10.467 
1907, Nlay 10.364 



124 KZ -f- 2 27 
105 KZ j -1-3 16 
120 Z -}- 1 40 
120 Z , -h I 10 



+ 18.35 


-26.37 


- 8.02 


II 


:±i.8 


-^19.92 


— 26 . 24 


- 6.32 


14 


2.0 


-f- 1 1 . 86 


-18.50 


- 6.64 


13 


1 1.9 


-h 16.47 


-25 36 


- 8.89 


18 


2.8 



Mean: - 7.47 
X Ursae majoris 
a iih 40^1^8, 5-1-48° 20' ' Type X\', Mag. 4.92 

156 1904, May 16.474 114 KZ -f-3 46 1-1-16.29 —22.00 I— 5.71 ' 15 
159 1901, May 19.449 loO Z 1+3 22 -^14.05 ' — 22.09 — 8.04 13 
087 I 1900, May 29.381 I 105 Z -f 2 22 -f-13.69 —22.02 — 8.33 15 



±33 
2-4 



a I ih 45^5, 54-2° 



()22 ' 


1906, 


Mar. 26.491 


120 Z 


6f)0 ' 


igo6. 


Apr. 9.450 


120Z 


^f)6 


igo^), 


Ai>r. 11,414 


10:; Z 


0S4 


1906, 


Mav 28.371 


<i> z 



Mean : — 7 . 36 
(i Virgi)iis 
20' Tvi.e XIII</, Mag. 4 40 



-ho 42 -1-9.^)4 - 4-54 1+ 5- 'o 

I -1-0 39 4-16.21 —11.36 -I- 4.85 

-ho 38 -^I6.6g —12.29 + 4 • 4° 

^ I 59 -|-3 2.9() -27.77 -^ ^-^2 



a 12" O'I'i 



5-f^ 



Virgin is 



Mi-an: 4- 4 89 



Type Xl\', Mag. 5.03 



7:S 


1905, 


Mav 


3.438 (r^o)Z 


+ 1 43 


'\"4 


i<;o6, 


.\pr. 


15.458 {r35)K 


4-0 59 


^'1^ 


1907, 


Apr. 


24 445 120 Z 


-hi I ^) 



I 



±32 

' • 5 
24 

2-5 



] I 

— 6 17 -20.97 -27. 14 I 15 

— i6.it —13.71 — 2(j 82 13 

— 10.01 —17.40 —27,41 14 



I 



± 2.g 

2 5 
4.2 



Mean: 



■ 28 . 1 2 
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F. KUSTNER 



Plate 
No. 



Dale 
Greenwich M. T. 



Expo- 
sure 



Hour 
Angle 



Observed | 
Velocity 



Red. 

to O 



Radial 
Velocity 



©8 
d.2 



w 



€ Virgin is 



a 12^ 57?2, 5-}- 11° 30' 



Type XV^, Mag. 4.72 



' 






1 


min. 




1 km km j km 




km 


80* 


1903^ 


Mav 


29-385 1 


70 K 


4-i^io'» 


4- 1 1. 50 ' — 24.02 


-12.52 


IS 


±2.4 


80 


i903» 


Mav 


29 


385 1 


70 K 


+ 1 10 


4- 12.86 1 — 24.02 


-II. 16 


15 


2.5 


143 ' 


1904, 


.\pr. 


25 


436 ; 


65 KZ 


4-0 13 


4- 0.95 1-12.36 


-11.41 


16 


13 


1^0 ' 


1904, 


Mav 


15 


377 


65 K 


+ 6 


i4- 5.15 -20.08 


-14 93 


16 


2.3 


3^7 1 


T905, 


Apr. 


14 


481 1 


90 z 


4-0 32 


|- 536 - 730 


-12.66 


16 


1-5 


535 


1905, 


Dvc. 


30 


754 1 


65 K 


+ II 


-41.90 14-29.05 


-12.85 


32 


2. 1 


0^2 


190O, 


Mav 


23 


394 1 


100 Z 


4- I I 


4-10.25 1-22.47 


-12.22 


22 


2.9 


f)Sg 1 


1906, 


June 


6 


381 ; 

1 


80 Z 


+ 1 37 


; + i3-34 1-25.87 I-12.53 


22 


1 ^-^ 



Mfan : —12.54 



rj Boot is 





1903, 


a 1 3^ 49^9, 
May 23 . 403 


5 + 18° 54 
1 60 K 


' 4-0 20 


Type XIV^, Mag 
4-24.86 |- 17.70 


• 3 79 
+ 7-16 






72* 


14 


l±i.8 


72 


TUO3, 


May 23.403 


1 ()o K 


1 4-0 20 


4-25.69 -17.70 


4- 7-99 


14 


1 ^-7 


142 


1904, 


Apr. 24.501 


1 7^^ K.Z 


' 4-0 50 


4- 4-84:1- 7.02 


- 2.18: 


14 


1 2.1 


M7 


1904, 


Mav 7 . 480 


(60) K 


4-1 10 


4- 8. 10 1- 12.35 


- 4-25 


16 


1 1.8 


405 , 


1905, 


May 28.407 


' 85 Z 


+ 47 


4-15.98 I- 19.39 


- 3-41 


16 


, ^-^ 


5f)S 


1 906, 


Jan. 23.735 


1 00 K 


+ 26 


-19.51 4-25.73 


4- 6.22 


26 


1 1.7 


()(.)! 


I90O, 


June 7.371 


65 Z 


,+0 33 


4-25.83 -21.90 


+ 3-93 


26 


1 ^-^ 



\'cl<xitv variable 











a Boot is 










a 1 4^ 1 1 f." r , 


5 + 19° 42 


' 1 yp*^ ^^1 ^^^ag. bright 






30 T 


1004, 


Dec. 21.797 


i 21 K 


-0 35 -28.43 ' + 24.03 1- 4.40 


20 


±1-3 


427 


1905, 


July 7.340 


1 20 K 


4-1 40 ,4-21.20 —25.02 — 3.82 


20 


1 ^-9 


570 


i(;o6, 


Jan. 23,787 


19 K. 


4-1 20 -29.52 4-25.46 |— 4.06 


20 


1 1.4 


623 


igof), 


Mar. 27.597 


' 20 K 


+ 53 -12.03 4- 7.58 - 4.45 


20 


1 2.0 


67f, 


igoo. 


,\pr. 15.556 


2:; K 


4- r 10 — 2.51 — 0.65 — 3.16 


20 


1.9 


Of'4 


1907, 


July 21.345 


2f> K 


+ 2 27 +21 79 -25.22 1- 3.43 


20 


1 1-3 



Mean: — 3.89 



P Boot is 



a i4>^ 27 ■■'5, 5 4- 30'' .\(/ 



Type X\', Mag. 4 . 



4on 


1905. 


May 2U.4S1 


100 Z 


-^ 2 





4- 


4-13 


- 1 5 . 68 


-Ti-55 


416 


igo^. 


June 20.442 


1 20 z 


-f 2 


29 


' -f- 


8.48 


- 20 . 08 


I-11.60 


(>()0 


lOOf), 


June (> |f)0 


io> Z 


-r 2 





4- 


(..oS 


-1750 


-11.42 


^nS 


1907, 


M.iy (r47'' 


I 20 z 


4-0 


3' 


— 


2 84 


- 9.53 


-12.37 



Mean: 



15 ,±2.0 
II I 2.8 

16 1 1.3 
15 1 2.2 



RADIAL VELOCITIES OF gg STARS 



3^3 




Plate I Date 

No. Greenwich M. T. 



€ BootiSf maj. dpi. 
a 14^ 4o'P6, 5+ 27° 30' Type XV, Mag. bright 



82* 

82 
144 
208 
418 
625 



1903, May 31.455 

1903, May 3^ 455 

1904, Apr. 25.524 

1904, June 26.408 

1905, June 22.415 

1906, Mar. 27.661 



min. 
60 K 
60 K 
60 KZ 
62 K 
60 K 
75 K 



+ 1^16™ 
+ 1 16 I4- 

+ 35 
+ 1 53 
+ 1 46 
+ 1 56 



km 

0.86 

0.49 



-25 



km 
-15.00 



km 
-15 



-15.00 -14 



3.06 

— 20.72 

— 20 . 06 
+ 8.04 



— II 
-14 
-15 
-17 



I 



14 
14 
15 
16 

14 

28 



km 

±3-3 
2. 
I . 
I . 

2. 
I . 



Velocity variaV:)Ie ? 
/3 Ursae minoris 
a i4h 5iino, 5 + 74° 34' Type XVI, Mag. 4.09 



105* 
105 I 

183 
186 I 

247 ' 
944 ' 



1903. 


Julv 


2 


.492 


75 K 


1 

1+4 


5 


1 + 22 


27 


- 4 


.62 


l-fi7 


^5 


14 


'i... 


1903, 


July 


2 


.492 


75 K 


,+-♦ 


5 


1 + 23 


17 


- 4 


.62 


+ 18 


55 


14 


1 ^-7 


1904, 


June 


13 


■394 


42 KZ 


1+0 


31 


1 + 24 


14 


- 6 


57 


, + 17 


•57 


15 


2.6 


1904, 


June 


14 


.386 


60 K 


+ 


24 


4-26 


29 


- 6 


48 


I + 19 


81 


15 


17 


1904, 


Aug. 


2 


393 


63 K 


!+3 


47 


1 + 19-50 


- 2 


81 


+ 16 


.69 


14 


1 ^-^ 


1907, 


May 


7 


430 


(6o)Z 


— I 


6 


' + 28 

1 


36 


- 8 


60 


+ 19 76 


17 


2.4 



/3 Bootis 



a 14^58112, a + 40° 47' 



7i*i 

71 

109* 
109 

692 ' 
947 I 



1903, May 22 
1903, May 22 
1903, July 15 
1903, July 15 
190^), June 



1907, May 10 



516 
516 
447 
447 
442 

453 



90 K 
90 K 
90 K 
90 K 
95 Z 
95 Z 



+ 1 51 
l + i 51 
+ 3 44 
+ 3 44 
+ 1 8 
— o 27 



Mean: 4-18.34 
Ty])e XIV, Mag. 4 . 56 

i 



— 10.42 

- 9.18 

— 2.21 

— 1 .69 

— 5-«9 

— 10.42 



-10.49 


— 20. 


-10.49 


-19. 


-17-33 


-19. 


-17-33 


-19. 


-13-74 


-19. 


- 7-37 


-17- 



91 


14 


:^2.3 


67 


II 


2.9 


54 


14 


2.6 


02 


12 


30 


(\^ 


17 


3^ 


79 


17 


2.4 



Mean: —19.43 
S Bootis 
a i5h 111115^ 5_|_^^o^2' Ty])e XV, Mag. 4.72 



74' 

74 
149 
949 



1903. 


May 24.473 


80 K 


1903, 


May 24.473 


1 80 K 


1904, 


May 13.485 


(I20)Z 


1907, 


May II .451 


iio Z 



+ 43 - 2.97 - 9.74 -12.71 
+ 043 - 2.64 - 9.74 -12.38 

+ 18 — 5.99: — 6.69 —12.68: 



14 


it:2.o 


13 


3 3 


15 


2.6 



iioZ — o 40 — 3.40 —5.76 



9.16 18 



2.6 



Mean: —11.73 
t Draronis 
a 15^ 2 2^"7, 5 + 59° ig' Tyi)e XV, Mag. 5.02 



ig6 
412 
429 
952 


1904, June 20.405 

1905, June 3.370 

1905. J»-ily 7-433 
1907, May 25.392 


100 KZ +0 42 — 1 .01 
^0 Z 1 — I 16 — 0. 1 ^ 
85 Z +2 28 - 1.47 

(85)Z —I 22 — 0.27 


- 9.4H 

- «-79 
1- 9-3« 

- «-i3 


-10.49 
- 8.92 
-10.85 
|- 8.40 


17 ±3-2 
15 1 19 
15 13 

18 2 4 








Mean : 


- g.66 
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F, KUSTNER 



Plate 
No. 



Date 
Greenwich M. T. 



Expo- I Hour I Observed i Red. i Radial 
sure Angle Velocity ' to | Velocity 



55-> , 






a i5^39'^'3» « + f>°44' 



a Serpen its 



Type XV, Mag. 4 . 23 



78*1 1903, May 26 
78 1903, May 26 
81* 1903, May 30 
81 1903, May 30 
213 1904, June 29 
954 i 1907, June 11 



454 
454 
473 

473 I 
410 i 

450 



1 min. 




' km 


km 


1 km 




1 km 


1 60 K 


i_oh 401 


+ 9-74 


1- 6.04 


1+ 370 


14 


±2.0 


' 60 K 


-0 4 


1 + 11.31 


— 6.04 


+ .5-27 


13 


' 1-5 


1 60 K 


1+0 40 


+ 13.59 


1- 784 


'+ 5-75 


15 


1 ^-^ 


1 60 K 


+ 40 


-f 12.12 


,- 784 


1+ 4.28 


14 


1-5 


i 73 K 


, + i 9 


+ 23.95 


-19-35 


+ 4.60 


16 


1 2.1 


; 75 K 


;+o 53 


+ 17-39 


I-12.77 


+ 4.62 

1 


16 


1.9 



Mean: 4- 4. 70 



415 



a 15^ 5ini8, 5 + 16° o' 

I 

1905, June 19.45S (i2o)Z 

1906, July 16.410 120 KZ 



7 Serpentis 



Type Xlllfl, Mag. 4.54 



+ 1 
+ 2 



26 I + 22.21 
I 1 + 27.76 



■14-25 
■ 21 .29 



+ 7 96 

1+ 6.47 



15 
18 



713 1906, July 17.398 120 KZ +1 48 1 + 28.34 —21.46 1+ 6.88 | 19 



,±1.9 
2.1 

I '-7 



Mean: + 7.10 



5 O phi lie hi 







a i6h QiTij^ 5 


-3° 26' 






Type XVn, Mag. 


4 53 








956 


1907 


June 27.440 


100 K 


1 

+ 1 


12 


- 1 33 1-15. 71 


-17.04 


17 


l±2 


7 


9.S^> 


1907 


July 8.410 


125 Z 


, + I 


19 


+ 1. 51 -19.73 


-18.22 


13 


1 ^ 





900 


igo7 


July iQ 3O9 


120 Z 


+0 


$^ 


+ 5 . oO , — 23 . 06 


-18.00 


20 


' 2 


3 


902 


1907 


July 20.371 


120 z 


+ 1 


4 


+ 8.27: -23.33 


-15.06: 


10 


1 " 


2 



O I(»h 2 2"i6, 5 + ()I° 44' 



Mean: —17.08 

7; Dm con is 

Type XT\' ?, Mas. bright 



411 

425 

448 

<>55 



1905, May 31 .453 
1905, July () .45() 
r()05, July 29.3S5 
1907, Juiu' 27 .3^7 



60 Z 
f);; Z 

(90) R 
70 R 



+ 1 ^9 - 

+ 1 47 
-o 48 



- (^ 

- 8, 



.68 

54 

07 
08 



I 



- 4.86 -12.54 , 16 ±1.6 

- 5-93 '-T3 47 ' 16 I 2.0 

- 5 45 '-".52 I 17 I 2.4 

- 5 77 1-13-85 I 24 I 1.6 

Mean: —12.84 



\i Hcrculis 



03' 

164 
ig7 



igo3, June 
1903, J line 
igcj, June 
1004, Junt- 
u>o4, July 
J go I. July 



^^>.3^3 
4. ^03 

20. 4 go 
-1- 43-=; 



) + 21" 42' 

60 K 
00 K 
r>f) KZ 
70 Z 
0; K 
40 K 



Type X\', Mag. 4.17 



— o 30 

— o ^>^o 

+ \ 

+ 141 
-r I ig 

— I 4 



— o 

+ o 

— 21 

— 1 3 

— () 



+ If) I 



— 12.05 —12.81 

— 12.05 , — II .60 

— 5 . 09 — 26 . 27 

— TO 62 — 24. 19 

— I ; . 68 —21.42 
-18.93 -17 32 



14 
16 
16 
15 
15 
16 



±2.5 

2-5 
2. 2 
2.2 
2.0 
1.9 



\"e!.:riiv variable 



RADIAL VELOCITIES OF gg STARS 



.S^^ 



Plate I 
No. 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour I Ol)served 
Angle Velocity 




Radial I ° ^ , 'J 
Velocity ' o;;^ I S 



f Herculis 
a i6h37ni5, 5 + 31° 47' Type XIV, Mag. 3.93 





1 


min. 




km 


km 


1 km 




km 


6()*| 


1903, May 21 .491 


60 K 


— 0^29"' 


-73-59 


+ 0.36 


1-73-23 


14 


±2.2 


66 1 


1903, May 21 .491 1 


60 K 


1-0 29 


-73-44 


+ 036 


1-73 


08 


16 


1 '-5 


«3* 


1903, May 31-513 


60 K 


4-0 42 


-7243 


- 2.71 


1-75 


14 


13 


1 1-7 


H3 1 


1903, May 31 513 1 


60 K 


' +0 42 


-72.12 


- 2.71 


1-74 


«3 


12 


2-3 


184 1 


1904, June 13.457 


60 KZ 


-HO 15 


-^^•63 


- 6.60 


1-72 


23 


16 


1 '-5 


2.VS i 


1904, July 19.378 1 


60 K 


+ 44 


-56 -99 


-J4.76 


-71 


75 


16 


1 1.9 


705 , 


r()o6, July 2.459 1 


100 Z 


+ 1 31 


— 60. 19 


-11.37 


1-7' 


5^> 


31 


2. 2 



Wlocity variable 



I6h39'n5, 5 + 3907' 



»7 Herculis 



Type XV, Mag. 4.65 



233 1904, July 15.407 j 120KZH-1 8 +23.04 I— 12.05 +10.99 I 14 
236 1904, July 18.401 102 Z +1 II 4-21.35 —12.45 + 8-90 I ^S 
443 ' 1905, July 26.399 I 105 Z +1 38 -1-25.22 I — 13.37 +11-^^5 28 



±2.1 
2.2 
2.8 



967 1907, July 24.402 120 Z j-fi 33 I + 23.71 I — 13.10 +10.6J I 20 I 2.6 



Mean: +10.59 

K Ophiuchi 
a 16H 52n\;, 5 + 9° 32' Tyi)e XV, Mag. 4 . 56 



1S7 IQ04, June 14.470 

202 1904, June 21.487 

230 1904, July 12.414 

453 1905* Aug. 3,305 



95 KZ +0 23 -49.95: - 5.47 -55.42: 15 

95KZ -1-1 15 -43-^'^9 - 8-3^> -52.25 15 

1 04 KZ . + o 53 - 37 . 58 -15. 96 , - 53 . 54 13 

100 Z +1 51 I — 31.65 I — 21.87 —53.52 17 



±2. 



167 



244 
g65 



Mean: 



-53 ^'>^ 



IT II en lilts 



a 17^ iiinf,, 5 + 36° 55' 



Type XV, Mag. 4.gS 



204 iQo.j, June 23.4S1 96 Z 

211 1904, June 27 .4S4 (loo)K 

249 1904, .\ug. 3.383 93 K 

g5g , igo7, July 14.43^' (iio)Z 



■Ho 55 

' + 1 15 

+ 1 15 

+ I 10 



— 16.52 — 



.40 -21.92 9 

-17.20 - 6.35 -23 55 13 

— 10 . 83 — 13 . 05 — 23 . 88 14 

-13.32 - g.74 -23.06 17 



Mean: 



23 . 10 



^ Pracaitis 



2S^r'2, SJr^2° 



Tyj)e XI\', Mag. 4. ig 



1904, June 6.451 
igo4, June 7.433 | 
1904, June 13.522 
1904, July 29.390 . 
1907, July 21.453 



58 KZ -1 12 
go KZ — I 34 
O2 KZ 1+0 59 
64 K +0 4g 
68 K + I 46 



— 19.62 
-22.35 
-r8,gi 

-14-23 



o 56 
0.67 

1-55 
6.22 

5-5« 



-20. 18 

— 23 .02 

— 20 . 46 
-ig.52 
-19.81 



17 
1-9 



14 
13 
15 
16 
18 



30 
1.9 
28 



±2.3 
2. 1 

' 19 
13 
23 



Mean: 



- 20 60 



3i6 



F. KUSTXER 



No. 



Date 
Green*.:: M. T. 






H v:r 






Red- 



VcJuciiT ^;5 



3 Op'niu^hi 
a 17" 5>"5. 3 — 4= 3^/ T}-;* XA', Mag. 4 19 



rrin. km km 

8^'* 19-^;. J'jne 15 4''vi 75 K — c^ic- — 12 cc — c 27 — 

86 ir/s;. June 15 4vi 75 K — c 10 —11 '17 — c.27 — 

c/.* 19C5. Jjr.e 27 5CC 75 K. — iic — 411 — 504 — 

96 190^. June 275CC 75K. — lie — 4 47 — 5.C4 — 

165 19S4, Ju.".*; 4 5 5- Cr- KZ — c 2<: —15 70 — 4 CX) — 

24c 19C4, Ju:y 21 ;'^2 >c K -c 12 - 5 15 -14 S5 — 



km 




km 


II 73 


14 


±2.2 


II .40 


14 


2-3 


9 15 


13 


2.6 


Q 51 


14 


2.0 


II CI 


15 


2.0 


9.6S 


15 


I 5 



Mt-an: — 10 41 

u Herculis 
7" 42T5. — 27' 47' Tyy^ XIV, Mag. 4 . ^9 



2^9 


IQC4. 


July 


242 


1 9 '4, 


lu.v 


4 39 


1 9c 5, 


Ju.y 


45- 


19-5. 


Ju.y 



19 446 q;Z -iiS — 451 — ici,; — 

22 412 04 Z -c 41 — 3 ^^7 —iz.>h — 

2C 4;c '5 Z — c 57 — 2 ''7 — ic ;c — 

;i4-5 o^Z -I 4 — 2>g — i2*y> — 



14.64 

14-53 
12. g7 
i> 8^ 



Mean: - 



14.50 



^ I^ric^Kis 



0-^r, 



TyT<- X\'. Mag. 5 .^4 



" ' - 


. _ ----- 




_ ^ _ 


42.3 


nyc:;, Ju:^ 


3 4>9 


I2C Z 


716 


19c/., iu:> 


2;, 4;c 


I2C Z 


71^ 


i9c^,Ju-> 


2^ ;'. :; 


1 15 K 



16 — 2.0 

16 1.8 

17 26 
i> 17 



-I 5 — 24 c> — I 56 — 25.^4 12 ir I 5 

-C 5^ - 22 CD — 7, 01 — 25 CI 17 2.Q 

— c ;i —2; 73 — 3 Gv^ —20 78 23 1.9 



Mc an : 



i Ilerciiii': 



5^2./ V 



Ty;.H_- X\", Mag. 4 . 7g 



42c 


19-5. 


lunr 


2;. ;ci 


ii;>Z 


4^^ 


ig--. 


lulv 


.^ ;c; 


lie z 


7^4 


I'v'^6. 


fulv 


;t:. ;.;-> 


I2C Z 


9M 


I ',,'.7. 


Iu,v 


ig 4^5 


113 Z 



-C 41 ^ 2 24 - I .22 - I .02 

-14; - 4 >4 — ^.(Ki — 0.S5 

— o ,;7 — ic 5S — 11 2g — 0.71 

- I 2g ^ > 77 — S.55 — c 22 

Mean. — 0,08 



14 
13 
27 
19 



17 
2. 1 
1.8 



5-^;i 



7 lhdC(iiii> 



>", '* 


nr^^. I^^r;.- 


1 1 ;u4 


s:; K 


>, :; 


HA^.J-'^- 


ir ;';; 


>; K 


I '.A 


iryo;. Jnnc 


6 :;o:; 


7:; KZ 


'7' 


i';04, Junf- 


7 ♦'''7 


>; KZ 


2;- 


10^;, J-i:y 


-"V 4i; 


7; K 



Type XVI, Mac 4. 45 



-c 17 — 2S,C4 - o g5 —27 09 14 :i:2.2 

— 3 17 —2^.z<^ -^ c 95 —27.11 13 2.1 

— c 21 — 27 fig — 1.40 — 2f> . 20 15 I .Q 

— c 20 — 2r) 54 -H I . ;.s — 25.1O If) 1.0 
-14^ -21 '>c - 4 gg — 2() 59 15 2.7, 



Mean; -2O.43 



RADIAL VELOCITIES OF gg STARS 



3^7 



Plate 
No. 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour 
Angle 



Observed Red. 
Velocity j to ^ 



Radial j'^l ^1 
Velocity ! |;:3 .«; 



V Serpentis 
a i8h 161^1, 6-2° 56' Ty])C XV, Mag. 4.62 



220 

228 

747 
963 


1904, July 6.468 
1904, July 11.460 

1906, Aug. 28.346 

1907, July 20.468 


, min. 

1 115 z 
125 z 
115 z 

, 120 z 


+ 0^24™ 

+ 32 

1+0 56 
+ 1 16 


km 
+ 16.94 
+ 18.28 
+ 33-54 
+ 21.34 


1 
km km 

— 4.83 1 + 12.II 

— 7.10 +11. 18 
-24.21 + 9.33 

, — 10.78 1 + 10.56 


11 
13 
14 
12 


km 
1+2.6 
1.8 
31 

1 2.1 




a 18^ 22^19, ( 


5 + 72°4i' 

' 90 Z 
90 Z 

80 Z 
! (8o)Z 
, 90 Z 


Mean: +10.80 

X Draco nis 

Type Xllla, Mag. 4 . 24 

1 
-038 +13.49 + 2.71 +16.20 
-0 17 +12.55+2.84 +15.39 
-0 38 +13.49 '+ 2.86 +16.35 
+ 1 14 1 + 29.76 + 3.12 1+32.88 
1+0 59 I+33-43 + 3-20 +36.63 


T6~ 

17 

21 

14 

^5 




726 
728 
731 
772 
974 


1906, Aug. 2.358 
1906, Aug. 6.361 
1906, Aug. 7.343 

1906, Sept. 26.285 

1907, Aug. 25.362 


±1.8 

17 
1 2.3 
1 2.9 

2. I 



Velocity variable 

3 Draconis 
a i^^ i2'!'5, 5 + 67° 29' Type XV, Mag. 4.69 



232 


1904, July 


14.449 1 


92 Z 


— 29 1 + 21 .33 


1+ 3-^>2 


+ 24.95 


15 +17 


234 


IQ04, July 


16.413 


83 Z 


-I 13 +21 .35 


+ ^(^3 


+ 24.98 


15 26 


420 


1905, July 


^^517 


60 Z 


1+0 37 +21.50 


+ 3.61 


+ 2S. II 


15 2.1 


7f'4 


1906, Sept. 


1 2 330 


80 z 


i-o 34 +24.09 


+ 1.58 


+25.67 


20 2.1 



Mean: +25.18 
a rgh i.},"\S, 5-1-53° 11' lyi'^' ^^^ ' ^I^K- 4^4 



\.\i 1^05, July 21 426 

47Q 1905, Srj)t. 22.354 

733 igo6, Aug. 8,378 

78() igo6. Oct. 22 . 20 1 



a ig^' 2f)" 7,5- 



115 z 


-0 37 


— 2Q 00 


+ 2.M 


-27 53 


lO 


.i I .2 


105 z 


+ 1 47 


- 20.9^ 


- 6.07 


-27.02 


lO 


1 5 


115 z 


,-0 37 


-27.01 


- o.2g 


-27. go 


20 


2 . 2 


T20Z 


' + 1 31 


— 20 42 


- 8.T5 


-28 57 


IQ 


2.0 



Mean: —27 

fi i y.i;'//, tnaj. dpi. 
'45' 'lyp^* -"^V, Mag. 431 



103* 


H^03, 


Julv 


I 570 1 


go K 


+ I iS 


-2g 


4S 


-f- 6.78 


— 22. 70 


i3 


:^i 7 


io.> 


igo3. 


lulv 


I 570 


go K 


^ I iS 


- 2(> 


7Q 


4- 78 


- 2^01 


M 


1.8 


224 


IM04. 


Julv 


S 405 


H2 Z 


-0 u 


- 25 


05: 


-^ 4 55 


— 20 50: 


14 


V8 


220 


igo4, 


julv 


io.40r) 


87 Z 


-0 35 


-27 


33 


+ 3 9' 


-^3 42 


M 


1.8 


757 


igo^). 


Sept. 


3.37<H ■ 


85 K 


+ 54 


— 1 1 


25 


- 12.84 


-24.09 


15 


2 .0 



Me; 



an: —22. 



3i8 



F. KUSTNER 




Plate 
No. 



7 Aquilae 
a 19^ 4 1?^, 34-10° 22' Type XV, Mag. 4.66 



97*! 

97 
231 
472 

483 
759 
781 



1903, June 28.5CX5 

1903, June 28 . 500 

1904, July 12.519 

1905, Sept. 17-354 

1905, Sept. 28.329 

1906, Sept. 4.365 
1906, Oct. 10. 282 



min. 

75 K 
75 K 
84 Z 
90 Z 
(75)Z 
100 z 

95 Z 



1 I km 

i— o'i5o^ —10.17 
-o 50 ,- 9.91 



+ 36 

' + 1 o 

i + i 8 
1+0 23 
+ 46 



3-85 
4-20.80 
+ 23.14 
+ 16.00 
4-22.29 



km 
'-f 10.08 
4-10.08 

1+ 3 99 
,-20.95 

;-23-33 '- 0.19 

| — 17.10 '— 1 .10 
1 — 24.98 .— 2.69 



km 

— 0.09 
+ 0.17 I 
4-0.14 

- 015 I 13 
16 

15 
15 



I km 

13 '±2.2 



II 
13 



2.5 
2.5 
1.9 
2.4 

2-3 

2.5 



Mean: — 0.56 

c Dr aeon is 
a i9h 48^5, 5 + 70° i' Type XIV ?, Mag. 4 .95 



430 
719 

723 
755 



1905, July 7.516 

1906, July 25.460 
1906, July 29.442 
1906, Scj)t. r .330 



95 Z 

(iio)Z 
120 Z 
120 z 



2 - 0.44 

7 - 2.23 

18 - 1.75 

I— o 44 '4- 0.10 



1+° 

— o 
' — o 



4-5.13 + 4 69 

,4- 5-34 '+ 3-II 

+ 5-33 + 3-58 

-}- 4.27 ,+ 4.37 



I 

13 |±2.3 

18 ' 2.6 
18 I 2.6 



24 



Mean : 4-3.94 

/3 Aquilae 
a 19^1 5o'P4, 5 + 6° 10' Type XV, Mag. 4.83 



444 1905. July 26.49T ' 100 Z 

462 ^ 1905, .-\uj^. 17.388 120 Z 

714 1906, J uly 17.511 I 1 20 Z 

985 I 1907, St'|)t. 19.3O0 ' 125 Z 



40 40 — .s6. 10 '— 1 . 20 

— o 21 — 26.8() —10.58 

40 32 -43.15 + 2.89 

+ 1 6 — 17.07 1 — 21 .91 



-3730 


15 


l±2.2 


-37-44 


17 


2.2 


— 40.26 


17 


2.1 


-38.98 


16 


2.1 



Mean: — 38.50 
rj Cygni 
a 19^ 52^6, 5 4-34° 49' Type XV, Mag. 5 .06 



45<S 1905, Aug. 13.407 

4.SS I 11^05, Oct. i().307 

7.:^ 2 igof), :\ug. 7.45-'^ 

741 1906, Auif. 22 .351 



120 z 


1 
— 


12 


--' 


38 





2 


82 


-25 


20 


18 


u. 


7 


ri8 Z 


'4-1 


.^^> 


— g 


17 


1 


16 


70 


r^^ 


87 


16 


1 2 





120 Z 


4o 


3f> 


-24 


99 




I 


06 


-26 


OS 


14 


1 3 


I 


120 Z 


— 


59 


-iS 


77 


— 


5 


21 


'-23 


98 


20 


1 3 






Mean: —25.27 



J/ Cygni 
a 20^ ion\q, 54- u"" 26' 'lyj)e XV, Mag. 5.16 



460 


I go;. 


A>i^. I4.,v\^ 


T20Z 


-I 


711 


igof), 


|ulv i() 546 


(()c)Z 


+ 


717 


igof). 


July 2.^5^5 


11^ Z 


41 


725 


1900, 


July ]o 5JI 


I JO Z 


41 



1 -3,24 4-1.12 

59 — Tr>.o2:'+ 7.04 

10 -1S.49: 4- 5.69 

I S — 1 6 . 24 , 4- 4 . 28 



— 2.12 I 16 |± 2.0 

— 8.98: 9 3.6 
— 12.80: 10 I 1.6 

— II .96 18 2.9 



Wlocilv variable 



RADIAL VELOCITIES OF gg STARS 



319 



Plate 


Date 


1 Expo- 


Hour 1 Observed Red. 


Radial 


OS 


~^ 


No. 


Greenwich M. T. 


sure 


Angle Velocity to O 


Velocity 


|3 


^ 








7 Cygni 










2oh ignia, 5 + 39° 56' 


Type XIIIc, Mag 


^3.I6 






1 




min. 


1 km km 


km 




km 


92* 


1903, June 25.508 


75^ 


_ih27ni|_ 20.30 +12.34 


- 7.96 


13 


±4.1 


92 1 


1903, June 25 . 508 


1 75 K 


-I 27 I-19.52 +12.34 


- 7 


18 


14 


2.3 


235 , 


1904, July 16.485 


53 K 


-0 35 -12.44 ,+ 7-82 


- 4 


62 


15 


2.2 


246 ; 


1904, July 29.506 


48 K 


+ 47 -10.44 + 4.53 


- 5 


91 


16 


3-4 


248 


1904, Aug. 2.481 


35 K 
1 (48) K 


;+o 25 1- 8.69 i+ 3.52 


- 5 


17 


16 


3.0 


449 


1905, July 29.507 


+ 46 —10.79 + 4.60 


- 6 


19 


15 


3-3 


761 


1906, Sept. 8.384 


' 55 K 


+ 30 — 0.87 |— 6.19 


— 7.06 


27 


31 








Mean : 
e Cygni 


-6.30 








a 20^ 42^2, 


« + 33°36 


Type XV, Mag. 


3.85 






237 


1904, July 18.487 


1 53 K 


-0 48 1 — 24.13 '+ 9.66 


-14-47 


16 


±1.4 


274 


1904, Oct. 14. 41 1 


52 K 


+ 3 10 + 2. II | — 16.21 


— 14.10 


28 


2.0 


2S4 


1904, Oct. 29 . 249 


1 52 K 


+ 15 + 3.10 I-18.38 


-15.28 


16 


I.O 


482 


1905, Sept. 24.365 


(60) K 


+ 44 1— 2.50 —11.30 


-13.80 


26 


1.6 


498 


1905, Nov. 6.250 


, (60) K 


+ 47 1 + 6.89 —19. 16 


— 12. 27 


29 


1-9 


707 


1906, Sept. 23.406 


55 K 


+ 1 38 +4.88 -11.03 


-6.1S 


26 


2.1 



Velocity variable 
ij CepJiei 
a 2d^ 43'P3, 5 + 61° 27' Type XV, Mag. 4.88 



263 

273 ' 1 
275 I 
752 



904, Aug. 29.371 1 100 Z — ( 

/^^. (^ni r* ^ -. -. 93 KZ +1 I — ft2.27 

87 Z — O 21 —82.89 



904, On. 14.322 
904, Oct. 15 . 262 



50 -90.41 1+ 4 



906, Aug. 30.374 I 92 Z |-o 44 -90 44 



15 

- 3.02 

- 3-12 

+ 4 -08 



-86.26 
-85.29 
— 8f).oi 
-86.36 



I 



±1 

I 
I 
I 



^ Cygui 
o 2 it^ ST7, 5 + 29° 49' Type 



Mean: —85.98 
XV, Mag. 4.42 



276 


igo4, 


Oct. 


l6.2()0 I 


92 Z 


— 46 


+ 31-37 


-17.01 +14.36 


15 ±1-5 


2S<) 


igo4, 


Oct. 


30 317 


72 K 


+ 1 .^0 


1 + 34 -61 


— 19.92 + 14 .69 1 


16 1 1.7 


4^>7 


1905, 


Aug. 


24 39Q 


100 Z 


— 56 


+ I4-IQ 


1+ 0.0^) ' + 14-25 


19 1-3 


758 


igo6, 


Scpi 


3-45^> 


90 z 


+ 1 4 


' + 19 34: 


- 3 . 64 +15.70:! 
\'cl<K ilv variable 


20 1 4-3 



^ Aquarii 
a 21^1 26':3, 5-6° i' Type XIV, Mag. 



4.20 



28 2 


1904, 


Oct. 


28 


280 


100 Z 


-TO 13 


+ .S4-64 


-28.47 


+ 


6 


17 


14 


±1.0 


2g2 


igo4, 


Nov. 


15 


243 


103 Z 


+ 2g 


+ ^6.10 


-29.78 


+ 


6 


32 


15 


1 '5 


754 


igo(). 


Aug. 


3^ 


453 


100 z 


+ 30 


+ 15 74 


- 8.23 


+ 


7 


51 


25 


2-4 


77' 


1 ()o6, 


Sept. 


25 


384 


100 KZ 


+ 29 


+ 25.80 


-19.20 


+ 


6 


60 


22 


. 2.9 



Mean: + 6.65 



?20 



F, KUSTXER 



Plate 
No. 



475 
737 
739 
995 



280 

2«5 

491 
4U3 

1000 



297 

520 
524 
7«7 



Date 
Greenwich M. T. 



Expo- 
sure 



Hour C)l)served Red. 
Angle i Velocity to (J 



I Radial 
I Velocity 






P Cygni 

021^ 3o'P2, 54-45° 9' '^yp^ ^^ ' Mag. 



5.09 



1905- 
igo6, 
lyob, 
1907, 



19041 
IQ04, 
igos, 
1905, 
IQ07, 



Sept. 18.359 
Aug. 12.557 
Aug. 21.551 
^q>t. 25.331 



130 Z 
125 z 

(i25)Z 
120 z 



km 
', -o^37"i 4-11.85 

+ 1 40 '4- 1.83 
|4-2 7 + 2.53 

-o 51 +13.63 



km 


km 




1 

! km 


- 215 


;+ 9-70 


15 


±2.5 


4- 8.00 


+ 983 


17 


2.6 


4- 5-67 


+ 8.20 


17 


1 ^-5 


- 3 95 


4- 9.68 


17 


1 2.5 



Oct. 
Oct. 
Oct. 
(M. 

SC'])1 



a 2i*T 39"\^ 5 + 9* 

I 



€ Pegasi 



Mean: 4- 9 35 



Type XV, Mag. 4.41 



345 
314 
293 
2gS 

327 



80 Z 
72 z 

05 z 
00 z 
go K 



, + I 29 
+ SI 

-o 15 
4-0 8 
-o 54 



4-31-24 

+ 31-33 
+ 30.04 

+ 30 • 23 

+21.15 



- 25. 12 
-25.48 

- 23 • 23 

- 24 . 27 
-15.68 
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Plate 
Xo. 



Date 
Greenwich M. T. 
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Plate 
No. 


Date Expo- , Hour ' Observed ' Red. * Radial 
Greenwich M. T. sure Angle Velocity to kJ ' Velocity 


'IJ! 


A 




X Andromedae 
a 23h 32^7, 5 -f 45° 55' Type XV, Mag. 5 .oo 







min. I I km 1 km ' km I I km 

780 I 1906, Oct. 9.3Q8 120 Z 1— oJ^22"' + 7.66 ,+ 0.16 1+ 7.82 I 18 ±3.0 

792 . 1906, Nov. 10.282 120 Z —I 3 +25.08 I — II .21 I + 13.87 I 20 , 2.5 

800 I 190(1, Nov. 20.255 120Z —I 2 +20.58 , — 14.27 I + 6.31 I 19 I 1.9 

816 1906, Dec. 22.248 120 Z ,+0 55 +34.87 —20.95 I + 13.92 20 I 2.4 

Velocity variable 
7 Cephei 
a 2:^ 35^2, 5 + 77° 4' Tyi)e XV, Mag. 4 .87 



506 1905, Nov. 28.247 , 100 Z — o 44 —39.57 — 1.69 —41.26 I 23 ±1.6 

509 1905, Nov. 30 223 I 100 Z —I 10 —39. 48 — 2.13 |— 41.61 I 16 I.I 

766 1906,801)1.13.480 100 Z '— o 8 —54.28 I + 11 .72 '—42.56 1 16 I 2.5 

782 1906, Oct. 10.387 ' 95 Z ; — o 34 1—49.29 + 8.42 I— 40.87 16 1.9 

1002 1907, Oct. 4 407 I 90^ -o 3S ,-5^-39 1+ 940 I -41. 99 19 I ^-7 

Mean: —41.66 

Among ihusc qq stars there are 15 with previously known variable 
velocities; there are three others: 

8 Tduri, c Bool is, and fj. Pegasi 
of which it is suspected that their velocities vary. 

For the remaining; 81 stars the mean values for the plates are 
given above, no })Iate that was measured having been omitted. A few 
plates wliich were taken under e.sj)ecially unfavorable circumstances 
are designated as uncertain by the .symbol : ; but these plates enter 
witli tlieir full value into tlie mean. The total number of the plates 
of these 81 stars is 355, and the .^um of the .scpiares of the deviations of 
the .separate plal( s from the mean is computed to be 249.75. From 
this follows: 



Probable error of a i)latc = o.6745Y| -^ = ±0.64 km. 

\ 274 

This probable error will ])resumably be .somewhat diminished in 
the drfinitive discus.sion, wlien the relative corrections for the wave- 
lengths of tlie star lines, provisionally taken from Rowland's solar 
lines, are C()m[)Uted. Since the whole .series contains in round num- 
bers 7500 complete measures of about 44 different stellar lines, it 
will be possible to obtain a very .sharp determination of the relative 
wave-lengths of the.se lines and at the same time of their dependence 
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on the type. It is to be expected, however, that the above mean of 
the radial velocities will not be very much altered by these relative 
corrections to the lines, inasmuch as the mean for each separate star 
depends upon a large number of different lines. 

Perhaps of somewhat more considerable amount will be found the 
constant correction which is further to be applied to the observed 
radial velocities, due in the first place to the absolute errors of the 
wave-lengths for the Fe lines and the star lines taken from Kayser and 
from Rowland; and in the second place to the combined effect of the 
instrumental and personal errors which come into play in making and 
in measuring the spectrograms. It is customary to determine this 
constant correction by control plates of the sun, moon, or larger 
planets, and to compare the observed radial velocities with those 
given precisely by theory. I regard this control as by no means valid, 
inasmuch as the light used in such cases proceeds from a surface and 
uniformly illuminates the entire area of the coUimating lens; while 
the star's light, with the very small slit-width necessary, illuminates 
only a diametral strip with a maximum of intensity along the middle 
line. The path of the rays is therefore decidedly different in 
the two cases. An exact test oj the observed radial velocities oj stars 
can in my opinion he obtained only by the observation of a source oj 
light oj precisely kncm'n radial velocity and as similar as possible to a 
star, under conditions as closely as possible the same in the observation 
oj the star. 

For instruments of great light-i)ower, with which faint stars can be 
sj)ectrographically observed, the brightest of the minor planets are 
especially adapted for this purpose, and perhai)S also the satellites of 
Jupiter. Otherwise such a starlike source of light could be most 
readily produced artificially by a heliotrope set at a sufficiently great 
distance, as such are used in geodetic triangulations. This could not 
be attem])ted at Bonn readily, as the j)hotogra])hic refractor does not 
])ermit a view toward distant mountains: it would be necessary to 
rellect the light from the hcliotro})C by a second large plane mirror 
at the central tower of the Observatory, a troublesome procedure 
which did not appear to be above sus])icion. 

I had further thought of removing the objective of the refractor, 
and substituting for it in front of the spectrograph a precisely similar 
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but some twenty times smaller objective, in order to throw upon the 
slit a stellar image of one of the larger planets. The brightness of 
this image would be according to computation sufficient for obtaining 
a good spectrogram with an exposure of from one to two hours. This 
procedure, however, also seemed somewhat troublesome, since the 
large objective had to be removed. 

Finally in our repeated discussions of the problem, the idea 
occurred to Mr. Zurhellen whether it would not be possible to photo- 
graph with the spectrograph the starlike, isolated luminous mountain 
peaks on the night side of the moon near the terminator. We at once 
made the experiment, which was successful. Unfavorable weather 
and the circumstance that suitable objects are not always to be found 
at the terminator, have permitted us to make thus far only the follow- 
ing observations. The exposure and the measurement were made in 
precisely the same manner as for stars, and the spectrograms do not 
difTer in appearance from those of the stars. 

Spectrograms of Isolated Peaks near the Terminator of the Moon 
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80 K 
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4- 1. 18 


4-1.24 1 


4-0.06 
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Mean: —1.06 

We shall continue further this series of plates of the lunar mountains 
until we obtain a fully established value for C~0, We may assume 
from these few determinations that the radial velocities 0} the stars 
communitated above require a small negative correction amounting to 
about —i.okm. The correction, when thus determined, wall fully 
eliminate all instrumental and personal errors of the exposure and 
the measurement, as well as the errors in the assumption of the wave- 
lengths in the compari.son liglit and that of the stars, so that w^e obtain 
the correct absolute radial velocities of the stars. 

Royal Observatory. Bonn 
February 1908 



AN EXPERIMENTAL STUDY OF THE LIPPMANN 
COLOR PHOTOGRAPH 

By HERBERT E. IVES 

Photography in colors by means of standing light-waves was first 
accomplished by E. Becquercl about 1850, although he was unaware 
of the part they played in his results. Zenker* developed the theor}' 
that the polished silver surface, on which BecquerePs sensitive film 
was formed, reflecting the incident light, caused standing waves. In 
the loops of these waves the silver salt was reduced, forming parallel 
reflecting surfaces distant from each other one-half the wave-length 
of the incident light. Viewed by reflection, the developed film 
exhibited color as do thin films of oil on water, or, more exactly, the 
multiple interior surfaces of potassium chlorate crystals.^ 

Lippmann^ in 1891 was the first to make practical application of 
this theory by developing the process of color-photography bearing 
his name. For the polished silver surface of Becquercl he substituted 
mercury, which could be flowed behind a transparent fine-grain sensi- 
tive film on glass during the exposure, and removed to permit develop- 
ment and the subsequent viewing. 

The theory and practice of the process will be found discussed by 
Lippmann,'* Wiener,^ Ncuhaus,^' Valenta,^ Lehmann,^ and others.^ 
Full use has been made in the following study of the results of their 
work, and details of theory and experimental methods not new with 
the writer will not be described at any length. 

Good results have been obtained by the process as worked by these 

^ Lehrhuch der Photochromies 1868. 
3 Raykigh, Phil. Mag. (5), 26, 256, 188S. 
3 Comptes rcndus, 1 1 2, 274, 1891. 
■* Journal de Physique, 3, 97, 1894. 
5 Annalen der Physik, 69, 488, 1899. 

^ Die Farben photo graphic fuich Lippniann^s Verjahreny 1898. 
' Die Photographie in natiirlichen Farhen^ 1894. 

** Beitrdge zur Theorie uptd Praxis der directen Farhenphotographiej i, 1906. 
y A historical account of the development of the process will be found in Die 
Grundlagen der Farben photographie, by B. Donath, 1906. 
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and other experimenters, but its difficulties have been found so great 
as to prevent its wide use. Some discrepancies with the theory have 
been found, and compromises with the best conditions as indicated by 
theor\^ have been found necessary in practice. 

The object of the present investigation has been to see how closely 
the conditions called for by theory could be approached, to find the 
cause of some of the difficulties met with in practice, and, if possible, 
to obviate these. 

The separate problems will be stated as they are taken up, but 
may be briefly outlined here. 

According to the theory as stated by Lippmann the most accurate 
reproduction of color should come from the use of a thick sensitive 
film, the film gaining in resolving power with the number of reflecting 
laminae. In practice very thin films have been used; reproductions 
of the spectrum show, on examination with the spectroscope, that the 
colors are very far from pure. The first investigation which follows 
was to determine whether films could not be prepared which would 
re})roducc colors with a fidelity much greater than has hitherto been 
])0ssible and whose thickness could be increased with corresponding 
increase in resolving j)ower. The investigation has resulted in a 
method for producing films having these characteristics. 

The production of pictures of natural objects has been a matter 
of uncertainty and difficulty; the production of whites has been a 
stumbling-block to many. Tlie manipulation of the plates with the 
necessity for a mercury-holding plate-liokler has been inconvenient. 
The causes of this uncertainty in results have been studied; the 
conditions governing the production of white fixed; and a substitute 
found for the hitherto indisi)ensable mercury mirror. 

In addition, an ai)j)lication of tlie process to three-color photog- 
rai)by has been developed. 

MANIPULATION OF PLATRS IN GENERAL 

The trans])arent fine-grain silver bromi(k' })lates were made, with 
only such changes as are noted, according to the published formulae of 
Lip])mann, Neuhaus, and Valenta. Ordinary ''chemically pure" 
silver nitrate and potassium bromide were used; the gelatine w^as 
either Eimer & Amcnd's ''Gold Label," Nelson's "No. I," or a de- 
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6^i 



partment store gelatine recommended as the best for puddings, etc., 
which was found very hard and free from grease. The emulsion was 
flowed on pieces of crystal plate glass cut three by three inches. A 
plate-holder not greatly different from that used by previous workers 
permitted the introduction of mercury behind the plate and in 
contact with the gelatine. 

The scheme of exposure followed throughout was to expose a com- 
paratively large surface (two by two inches) to the kind of light 
being investigated. This allowed of easy spectroscopic examination 
besides leaving room for stripping portions to be sectioned. 

Development was mostly with pyrogallic acid and ammonia ac- 
cording to the formula of Valenta, w-ith the one change that the pyro- 
gallic acid was used in powder form, added by means of a spoon of 
l)roper capacity to the rest of the developer just before use with each 
plate. The resulting developer was always fresh and of uniform 
strength. The hydroquinone used in part of the work was made up 
according to Jewell's formula* with the omission of the potassium 
ferrocyanide. 

After development and drying, the pictures were made ready for 
viewing by cementing a thin prism of small angle on the film to de- 
stroy the disturbing surface reflections, and the back of the glass was 
flowed with asphaltum varnish. The prism is usually cemented on 
by means of Canada balsam. As, however, the refractive index of 
the gelatine containing reduced silver is somewhat higher than that 
of the balsam, some medium of higher index is to be j)referre(l. Gum 
slyrax (/x=ii.58) was found suitable, but the lower surface of the 
prism must be ground to avoid the reflection at glass-balsam surface. 
The latter procedure was uniformly adopted. The amount of light 
reflected from the laminae is at best small, so to obtain the purest 
colors all addition of white light is to be avoided. This white light 
may come from the j)rism-balsam, balsam-gelatine, gelatine-glass, or 
rear glass surfaces, and if all these reflections are not diminished as 
much as possible the dilution of colors is quite appreciable. The 
prism-balsam reflection is overcome by grinding the back of the prism 
with emery; the balsam-gelatine by correct choice of balsam; the 
gelatine-glass is unavoidable; the reflection from the back of the glass 

* Astrophysical Journal, II, 242, 1900. 
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can be destroyed completely by first grinding with emery and then 
flowing on asphaltum varnish, preferably mixed with machine oil to 
prevent its becoming brittle and flaking off. If the pictures, are to be 
observed from the glass side, a second prism is cemented on in place 
of the black varnish. 

When so mounted the pictures are ready for observation. It is 
of extreme importance that they be observed by parallel light and 
shielded from all side light. The best conditions are given by a small 
opening in a wall facing a brilliant white sky. If the obser\''er stands 
with his back to the opening and holds the picture at arm's length 
reflecting the sky it appears at its best. 

These precautions are most necessary in the case of pictures of 
natural objects, for reasons which will appear later. Spectra and 
similar subjects, where the reflecting laminae are numerous and deep 
in the film, are visible much more easily, but are of course best seen 
under the conditions given above. 

WORK WITH MONOCHROMATIC LIGHT SOURCES 

The first investigation was on the influence of two factors, fineness 
of grain, and film thickness, upon the correctness of color rendering. 
It is naturally to be expected that both factors will influence this. The 
smaUer the silver particles the more minute the variations in the stand- 
ing wave-system they will record. The thicker the film the more 
laminae and hence the greater purity of the reflected light. 

There are comparatively few recorded experiments on variations 
in the size of the grain; the first publislied emulsion formulae have 
been closely followed by all ex[)erimenters. Cajal* recently observed 
that the size of the grain is inlluenced largely by the amount of agita- 
tion of the emulsion during ])reparation, and finds that the finer the 
grain the better the (juality of the colors. He, however, was not 
working witli ])ure spectrum colors. The present investigation of 
this point was prom])ted by the observation that when photographing 
monochromatic light sources for a sj)ecial appHcation of the process, 
tlie use of much less silver bromide gave more satisfactor)' results. 
This made it a])pear of interest to determine from this standpoint the 
best proportion of silver salt. 

» Zcitsclirijt jur -.cissoiscJiajtliihc Photographic, 5, 213-245, July 1907. 
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With regard to the best thickness of film, theory would call for 
the greatest thickness practicable to work. Yet the practice has been 
to work with extremely thin ones such as can be obtained by flowing 
the liquid gelatine on and off a warm glass plate. The section photo- 
graphed by Neuhaus showed but seven or eight laminae. Wiener, 
by counting the laminae cutting the gelatine-glass surface in a spec- 
trum photograph, found the number less than twenty, obviously too 
few to have much resolving power, and explaining the impure reflected 
light. There has indeed been reason to suppose that appreciably 
greater thickness would not help matters. The loss of light by ab- 
sorption and reflection at each lamina is large, so that the effect of each 
lamina becomes rapidly less with increasing distance from the surface 
of the film, assuming them all equally well formed. Film sections 
indicate that the latter is not the case; the laminae are of rapidly de- 
creasing strength. Lehmann has .calculated, taking into account the 
effect of absorption, that the laminae should be more distinct, the 
greater the distance from the mirror. That they are not he ascribes 
to the reflected light losing the power of interfering after a short dis- 
tance. These points were considered worth investigating more 
closely. 

The size of the silver grain was varied entirely by the quantity of 
silver bromide in the emulsion. A set of emulsions was made up 
in which the content of silver nitrate varied between 0.03 and 0.18 
gram per gram of gelatine, the ([uantity of potassium bromide con- 
stantly five-sixths of this. The resulting emulsion had from one-sixth 
to the same amount of silver bromide as used by Valenta and others. 
The emulsion was flowed on the level plates in measured (quantities 
from a graduate, so that the thickness was under control. After flow- 
ing, the emulsion was i)ushed to the corners of the plate by means of 
a glass rod. The quantity used varied from one to ten cubic centi- 
meters on a 3X3 inch })late. This gave films from about 0.007 to 
0.07 mm, as sections afterward showed by the number of contained 
laminae. 

Monochromatic green light was used for the greater ])art of the 
work. This was obtained from a Cooper Hewitt mercury vacuum 
lamp, an aperture of i sq cm ifluminating the ])late 25 cm distant. 
A cell of neodvmium ammonium nitrate and ootassium bichromate 
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ab.-orbed the yellow and blue radiations. The plates were made 
sensitive to this color by er}throsine 

IXFLUENXE OF SIZE OF GRAIN 

A noticeable increase of puiit\ in reflected light was found as the 
quantity of silver bromide was reduced. This increase is quite 
marked between 0.18 and 0.09 grams of silver nitrate per gram of 
gelatine, after that less so. 

Besides the influence on the purity of the reproduced color the 
quantity of silver bromide affects the sensitiveness of the plates. A 
rather unlooked for result was that a smaller quantity of silver salt 
made the plates more sensitive, up to a certain jx)int. This is readily 
explained; the light must pass through the film, and decreasing the 
silver content increases the transparency. If the amount of silver 
becomes too small the plates again become less sensitive. The fastest 
emulsion was found to be one containing half the silver salt used by 
})revious workers. As this gave practically all the increase of purity 
resulting from decreased grain it was adopted as the standard emul- 
sion for future work. 

The formula and method of preparation were as follows: 
A. (ielatine i gram B. Gelatine 2 grams C. .l^A'O 0.3 gram 

Water 25 cc A'iJr 0.25 gram Water 5 cc 

Water 50 cc 

A and B are healed till the gelatine melts, allowed to cool to 40 degrees, 
C added to A and then A to B slowly with stirring, the sensitizer added, 
and the whole filtered. After flowing and setting, the plates are 
wa>hed for fifteen minutes and allowed to dry. 

INFLUENCK OF THICKNESS OF FILM 

The first work done on the influence of film thickness indicated 
that, viewed from the film side, there was no increase of purity with 
increase of thickne>s beyond one of about thirty half-wave-lengths, 
or about that ,i^iven by flowing the emulsion on and off the cold glass 
|)lates. I'he single green line of mercury was rendered as an ill- 
definerl green band in the spectrum. ])roperly a continuous spectrum 
with Mrong maximum in the green. Fig. A, II, gives the mercury 
green line as renrlered by the emulsion found best as above. The 
^reen Hi'ht is considcrablv more monochromatic than that usuallv seen 
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in Lippmann spectra. From the glass side the band was of a dififerent 
character, showing more clearly defined edges, as given in Fig. A, III. 
This is explained by the stronger larhinae being farther from the eye 
and by absorption being no more effective than the weaker ones. 
The reflecting surfaces are then comparable to the lines of a grating, 
each sending equal contributions to the total reflected light. Owing 
to the strongest laminae suffering so much absorption, the light from 
the glass side is much weaker than from the film side. 



II 



III 



IV 



VI 




Fic;. A 

I. Mercury vacuum ;irc. 
II. A S4O1 as rcpnHlucnl by fine Rrain lilm, with pyro^jallic aci<l dcvfl«>pmenl. 

III. Same from plass si<l«'. 

IV. V. VI. Hydroquinom-devfloixMl blencheil films, 50. 150. 250 laminae. 

Even from the ghi.ss .side, however, increase of thickne.ss beyond 
the above-given limit produced no corresponding increa.se of purity. 
Further light on this question was furni.shed by studying the effect 
of varying exjKxsure and (le\'eIo])ment. 

EI-FKCT OF VARYING EXPOSL'RK 

To study this, ex])0sures were made through a graduated wedge 
of erythrosine .solution, o|)a(jiie to green light. Before noting the effect 
of varying exposure on the reflected colored light, the appearance of 
the film at angles other than the angle of specular reflection is worth 
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describing. By reflected light the film appears in the less exposed 
parts like an ordinary fine-grain negative, that is, there is a certain 
amount of diffuse reflection so that a positive image is seen. As the 
exposure proceeds the diffuse reflection becomes less and less until 
the film is quite grainlcss and black, except at the angle of specular 
reflection, behaving as a piece of unsilvercd glass. By transmission 
the plate is greenish in the very slightly exposed parts, muddy brown- 
ish yellowish in the moderately exposed parts; where the film has 
been exposed until the diffuse light disappears by reflection it is clear, 
transparent yellow, like a piece of yellow glass. The appearance and 
behavior of the silver deposit is in all respects as though the particles 
of silver were first separate, scattering light, and on longer exposure 
fused together into a homogeneous mass. The appearances here 
described may be observed on almost any Lippmann photograph 
viewed at other than the angle to show color, the diffuse deposit forming 
a positive image which in the fully exposed high-lights appears reversed. 

The colored light reflected from the laminae increases in intensity 
with increase of exposure until the diffusely reflected light disappears; 
after that for a long range of exposure no change in intensity occurs. 
This is probably because the individual laminae do not gain in reflect- 
ing power after the silver particles liave fused together into a reflected 
surface. This fact makes it i)Ossible in photographing spectra with 
I)lates not evenly sensitized to secure uniform action throughout the 
sj)ectrum merely by long exposure. 

The greatest spectral purity of the reflected light occurs just before 
the "saturation'' point is reached, dropping slightly for longer ex- 
posures and not changing perceptibly till many times the full exposure, 
when the color tends toward gray and white. From the glass side 
the purity increases with ex])osure to a maximum, and then remains 
constant except with wry thin films, in which case the purity again 
decreases. The cause of this will apj)ear shortly. 

EFFFX'T OF VARYING LKXGTH OF DEVfXOPMENT 

By lowering a plate slowly into the developer different amounts 
of clevek)j)ment were ohlained. The only effect of greatly increased 
fk'vclopmenl was to cause fog, decreasing somewhat the purity, if the 
picture was viewed from the lihn side. X'iewed from the glass side 
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longer development had no effect whatever, except with thin films, 
when the purity decreased similarly to the effect noted with increasing 
exposure. 

The practice was to develop the plates up to the point where fog 
began to appear, usually by time development. At temperatures 
near 20° C. from 45 seconds to a minute gave full development. 

ACTION OF THE DEVELOPER ON THE FILM 

Using thick films it was found, if development was sufficiently pro- 
longed, that the laminae intersected the gelatine-glass surface, giving 
a watered-silk effect, the same phenomenon used by Wiener to estimate 
the thickness of the film. As in film sections heretofore made com- 
paratively few laminae had been found, it has been assumed that but 
few are formed. The appearance just noted indicated that the lami- 
nae might be formed throughout the thickness of the film, provided 
development were continued long enough. 

To study the action of the developer it was decided to section the 
films and observe them under the microscope. This has been done 
by Neuhaus, Lehman n, and Cajal. The latter swells the section in 
water to bring the structure, in its natural size too small to be satis- 
factorily resolved with the microscope, within reach of average pow- 
ers. This method was pursued in the present investigation. After 
development a small oblong of film was cut out with a knife and then 
stripped from the glass by means of a narrow, straight-edged chisel. 
The strip of film was then laid on one-half of a split piece of pith. 
When dry the other half of the pith was laid over it, the whole placed 
in a microtome and sectioned. On laying the sections on a microscope 
shp, and wetting with a drop of water, the majority of the laniinary 
structures were easily observable with a one-sixth inch objective. 
For much of the work where it was not important to have sections of 
exactly the same thickness, it was found convenient to dispense with 
the microtome, simply hold the pitli in a j)air of clothes pins and shave 
off sections with a razor guided by the forefinger, an operation easily 
performed after a little practice. 

A section of a normally exposed and developed film is shown in 
Fig. 5 (Plate XIX). It will be observed that the laminae are strongest 
at the mirror-surface, decreasing in strength with distance from it. 
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Figs. 6 and 7 (sections of same thickness) show the results of short 
and long development. With short development the laminae are 
\isible for only a short distance; with long development the laminae 
are present to a great depth, but a thick band of fog has progressed 
inward from the surface. The laminae corresponding to the surface 
ones in the short development are therefore in the long development 
at a greater depth. From the glass side their effect is precisely simi- 
lar, unless the film is thin or development has been very long, in which 
case the fog band reaches to the glass and drowns out the clearly 
formed laminae. This makes clear the above-noted effects of long 
ex{)osure and long development as seen from the glass side. A film 
exposed or developed ])rogressively from edge to edge possesses a layer 
of well-formed clean laminae running diagonally down from the sur- 
face until the glass is reached. 

It apj)ears, therefore, that the standing waves are actually formed 
to a greater de])th than has been su])j)osed. To verify this several 
experiments were performed. A thick film was exposed as usual, then 
before development wetted and a jjiece stripped from the glass and so 
deveIo])ed from both sides. A section showed the laminae to be 
formed ecjually well at both develo|)ed surfaces. This is shown in 
Fig. 8, where 150 distinct laminae may be counted. Another experi- 
ment consisted in (lowing a plate with a thick solution of celluloid 
varnish, through which, after drying, the ex])Osure was made as usual. 
On stripping the varnish coating from the gelatine, developing, and 
sectioning, laminae were found all through the film. They are, there- 
fore, formed, with monochromatic light, under the conditions of this 
work, to a much gri'ater depth than the thickest film used. 

It follows from these observations tiiat the small effective number 
of laminae (about 20 or ;;o at the most) is due, not to few being formed, 
as has ])een assumed, but to tlie mode of action of the developer. 
This invited investigation of differi'iU modes of development and 
different developers, from which has resulted a substantial advance 
in tlu' rendering of pure colors. 

Kxperiments with different modes of develoj)ment, using the same 
develojHT {j)\Togallic acid), led to no resuffs. Development with 
strong de\el()])er, with weak slow developer, and with a large pro- 
j)orti()n of l)romide, showerl no material difference in the character of 
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the deposit. Long development followed by application of weak 
Farmer's reducer was unsuccessful, as the reducing solution simply 
destroyed everything as it slowly worked through the film. 

Attention was then turned to other developers with immediately 
gratifying results. Ferrous oxalate, glycin, and hydroquinone were 
tried. All of these developed with great uniformity throughout the 
depth of the film, without causing fog. Fig. 9 shows a section of film 
developed with hydroquinone, and should be compared with Fig. 6. 
Unfortunately, as it seemed at first, the deposit with these developers 
is black and opaque, making the reflected color dull in the extreme, 
and the absorption so great that only few of the laminae are effective. 
To obviate this difficulty the expedient was adopted of bleaching the 
film with mercuric chloride. This has been done previously by 
Neuhaus and results in a white, very transparent film. The reflecting 
power of the bleached deposit is not great, so that luminosity is 
lost with pyro-developed ])lates. With plates developed by the three 
above-mentioned developers this loss of reflecting power is more than 
compensated for by the greater number of efl'ective laminae. So 
transparent is the deposit that the absorption is negligible and all the 
laminae act with practically equal strength. Consequently, instead 
of the reflected light being a somewhat diffuse band in the spectro- 
scope, it is a narrow bright line. Moreover, increased thickness with 
consequent greater number of laminae gives increased purity. Practi- 
cally it was found possible to run the films up to about /„ mm (as 
determined by the number of laminae in sections) with continued 
increase of purity. A line source is reproduced by such a film as a 
brilliant line of about 20 A. U. width. By transmission a narrow 
absorf)tion line appears in the spectrum indistinguishable in a small 
spectr()sco|)e from a Fraunhofer line. In Fig. A, I\', \', VI, are shown 
spectra of the mercury green line as reproduced by films containing 
a])proximalely 50, 150, and 250 laminae. It will be observed that 
tilms of this character might serve for sources of comparatively mono- 
chromatic light. 

The thickness to which the film may be carried is limited by the 
thickness of gelatine it is practicable to flow and dry satisfactorily. 
Greatly increased exposures due to the opacity and slow speed of the 
thick films made work with them difficult, but the conclusion may be 
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drawn from this work that the purity of reflected color is, with this 
procedure, directly dependent on film thickness. It is only a matter 
of emulsion making and flowing technique to secure films of as high 
esolving power as one desires. 

MIXED COLORS 
GENERAL THEORY 

Mixed colors, such as two or more spectral lines, or the broad ill- 
defined bands of the spectrum given by pigment colors, give standing 
waves which may be compared to the interference fringes they would 
give in a Michclson interferometer. That is, we have regions in the 
film where the different wave-lengths acting reinforce regions where 
they oppose each other. The visibility curves,' therefore, are appli- 
cable to the structure of the Lippmann film. Fig. i gives the resultant 




Fic;. I.— Standing Wavv System Du/ to Two Wave-Lengths. 

of two wave-lengths, while the visibility curves figured show the man- 
ner in which we may exi)ect the laminae to be distributed for various 
types of incident light. Photograi)hs have been published by Leh- 
mann showing that the resultant structure for two radiations agrees 
with the calculated. Fig. 12 shows a section of a tllm exposed to four 
radiations. The periodic variation in the clearness of the fringes 
corresponds to the variations of visibility of interferometer fringes. 

Two points in connection with the reproduction of mixed colors 
were sludied as of special interest. The first was the question of the 
degree of comi)lexily of incident light the film is capable of recording. 
The second was the (question of the luminosity values of mixed colors 
as compared with the component pure ones. 

As to the amount of complexity in the incident light which may be 
rei)r()(iuced, it is at once apparent that this is dependent on the effect- 
ive thickness of film. A him develojRcl with })yrogallic acid is, from 
the j^revious work, unsuitable where de])th is called for, hence the 

' A. A. Miiht.-Uon. Phil. Mag. (5), 31. ;,;vS, iSgi; 34, 2S0, 1892. 
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best results in the way of resolving power were obtained from hydro- 
quinone-developcd, bleached films. 

Parallel series were carried out on films of the two types. These 
consisted in exposures to two, three, and four different w^ave-lengths, 
and to a broad spectrum band with sharply defined edges. 

With pyrogallic-acid developed thick films, the greatest number 
of separate wave-lengths reproduced was three, and the result w^as 
merely a continuous spectrum with three maxima; four radiations 
produced ill-defined irregularities. The mercur}^ yellow and green 
lines were wxll separated with such a film and probably somewhat 
closer lines would be. A sharp spectrum band of 600 A. U. width 
in the green was rendered as a maximum in the green, but all trace of 
sharp Umits was missing, the reproduction being identical with that 
of the transmission band of a naphthol green-dye solution. This is 
to be expected, as examination of Fig. 2 shows. The first part of the 
standing wave-system of the two types of color is identical, and in a 
thin film, or one whose effective portion is thin, will reproduce as such. 
The effect of development with pyrogallic acid is in short to reduce 
all colors to one general type. 

With hydroquinone developer and bleaching, two, three, and four 
radiations were reproduced satisfactorily, except for loss in luminosity, 
the cause of which will be taken up presently. The spectrum band 
was reproduced with well-defined edges. From these tests it was con- 
cluded, as with monochromatic light, that the capacity of the film to 
reproduce any form of complex radiation is only limited by the gela- 
tine thickness possible to be obtained practicably. 

The second point studied, that of luminosity rendering, will be 
made clear by some considerations of the theories advanced as to 
the nature of the reflecting elements in the film, Lippmann developed 
the theory on the basis of minute reflecting particles distributed through 
the film. White, for instance, is due to a continuous irregular distri- 
bution of such ])articles. According to this view all the incident light 
produces reflecting deposit. Schlitt' advanced the theory that the 
action of the light is merely to produce a periodic change in the re- 
fractive index. Wiener showed that the reflection in the case of 
bromide of silver plates was from metallic particles. It is possible, 

I Annalen der Physik, 57, 533, 1896. 
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for instance, by exposing films of bichromated gelatine, to secure pic- 
tures in which the only change produced is in the refractive index. 

The luminosities of all but monochromatic pictures will be ren- 
dered radically differently according to which mode of reflection takes 
place. For illustration take white. In the one case we have a large 
number of reflecting particles, in the other a single reflecting surface, 
practically the surface of the gelatine. A monochromatic source 
would give many such surfaces through the film with the structureless 
deposit and would be far more brilliantly rendered than a white visu- 
ally as brilliant. Where two or three colors act together there are 
regions of the film in which, while the total amount of light action is 
say half the maximum amount, yet sharp changes of intensity are miss- 
ing. If reflection is due to abrupt change of refractive index these 
portions would contribute little. A loss of luminosity of the combined 
with respect to the component colors would result. If this were 
marked, colors with two or more maxima, such as purple or a sub- 
jective yellow, would be weakly reproduced. Lehmann, working 
with super|)osed spectra, notes such a loss. The experiments which 
follow were made with the two kinds of development, and because of 
the large surfaces exposed, and the manner of exposing, critical exami- 
nation was easy. 

The first experiment was to mix two and three colors (red, yellow, 
green, and blue, in various combinations) under such conditions 
that their resultant intensity when acting together could be compared 
with their intensity separately. The a})paratus used consisted of an 
opa(|ue line screen, opaijue sj)aces twice the width of the transparent, 
IOC lines to the inch, which was cut in two, and one half turned at 
right anu^les to the other. This was |)laced directly in front of the 
plate and b\' means of a screw could be moved any desired distance 
in the direction of the lines on one half. This motion caused one set 
of lines to uncover one-third of the surface at a time, the other to 
continually expose the same stri|)s. Jn one half would therefore be 
o])tained the three colors superj)()se(l, in the other half juxtaposed, 
in which case the mixin*:^ would be visual. 

In carrying out this cx])eriment the greatest care had to be taken 
to avoir! the effects of overexposure. As we have seen, exposure 
bevond a certain ])oint causes no increase of brilliancv. Hence if 
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each exposure was a full one we would have the entirely covered sur- 
face three times as brilliant (with three colors) as the partially covered, 
indicating a large luminosity loss in the superposed as compared with 
the juxtaposed. This was avoided by limiting the exposures so that 
the total exposure with all colors would not reach the saturation point. 

The result of the tests was that with pyrogallic acid the loss of 
luminosity with two colors, as long as exposure was carefully kept 
below the saturation point, was hardly noticeable, the only efTcct being 
a slight tendency of the superposed colors to shift toward shorter 
wave-lengths. With throx* radiations a quite perceptible loss of 
luminosity was observable. In cither case exposure beyond the 
saturation point caused loss of luminosity. With hydroquinone the 
luminosity loss was much more marked. 

The most instructive test was to expose a plate to light of the green- 
mercury line and to a \'isual match in color and intensity consisting 
of a spectrum band of 600 A. U. width. These gave equal densities 
in the negative. With hydroquinone development and bleaching 
the monochromatic side was many times the brilliancy ©f the other. 
With pyrogallic acid the two sides were nearly the same luminosity, 
the complex radiation only slightly less luminous. 

Experiments on photographing natural objects whose colors are 
for the most part continuous spectra with diffuse maxima, besides 
showing the necessity for a reflecting deposit, emphasized the necessity 
of this being of high reflecting power. Very fme-grained emulsions 
jjroved unsuitable for the reproduction of such colors in their luminos- 
ity values, and satisfactory results were obtained only when the silver 
content of the fllm was made as large as would still give color. The 
reason is at once aj)j)arent when we observe that the colors under 
consideration give at most only a few laminae near the surface, as 
shown in Fig. 2 and in the photographed section. Fig. 13. It is neces- 
sary not only that the reflecting j)ower of these be large but that the 
dift'use deposit behind contribute a share of light in proportion to the 
light acting to produce it. If the grain is too fine these experiments 
and work with white light indicate that the separate particles do not 
act as reflecting surfaces. 

The outcome of the exj)eriments is to indicate that with a fairly 
coarse grain, overexposure being carefully avoided, developed with 
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pyrogallic acid, there is probably a close approach to the condition of 
separate reflecting particles. With complex radiation, or with over- 
exposure, there cannot fail to be a certain amount of fusing together 
and consequent luminosity loss, and in the underexposed parts there 
is probably also a loss through the formation of deposit not starting 
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Fig. 2 





Fig. 3 



F'k;. 2. — Visibility curves for various sources: 

I. Two monochromatic sources. 

11. Three monocliromatic sources. 

III. S7)ectTum band with sharp limits. 

IV. Tyi>e of spectruni of light from most natural objects. 

]''n;. 3- - Standing waves formed by white light from red to 
blue, as ricordcd in fiiK-grain emukions. 

Vic. 4. -St<inding waVvS formed by white light from infra-red 
to ultra-viol.-t, as r>'cordv'd by coarsv'-grained emulsions. 

till the light attains a certain intensity. With hydroquinone develop- 
ment and l)Ieacliini^, the rellection is evidently more nearly of the type 
caused ])y clianging refractive inde.x. 

This at once makes evident that for all photography where lumi- 
nosity values must be ])reserved, a developer like pyrogallic acid giving 
a highly retlecting yet fairly transparent deposit is essential. On the 
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other hand, where complexity of spectral structure is to be reproduced, 
a deep-acting developer, which by proper treatment will give a 
transparent deposit, is desirable. 

THE PRODUCTION OF WHITE 

On Lippmann's theory, white is produced by reflection from 
particles of silver thickly and irregularly distributed through the film. 
Regularly spaced laminae would be entirely absent. Such a deposit 
would be formed in a perfectly isochromatic emulsion, provided the 
wave-lengths of the acting light varied between wide limits and the 
individual silver grains were of appreciable size. If, on the other hand, 
the acting light varied between rather narrow limits of wave-length, 
as from red to blue, the size of the silver grains being negligibly small 
in comparison to the shortest wave-length, a rapidly damped standing 
vibration of wave-length equal to the mean incident wave-length 
would result. In Fig. 3 is given the standing wave form due to light 
from red to blue, in Fig. 4 the form when the incident light is from 
infra-red to ultra-violet and the silver grain coarse. 

Lippmann pictures have been made, exhibiting beautiful whites, 
yet general difficulty seems to have been experienced. This is partly 
due probably to the difficulty, with present known sensitizers, of 
securing isochromatism between wide limits. Several other theories 
have been proposed and other experimental methods tried to produce 
white. Lehmann concludes that the greenish apj)earance sometimes 
found in whites on short exposure is due to laminae formed in the 
manner described above. He corrects this by using a screen with 
three maxima of transmission: red, green, and blue. On short ex- 
posure whites will be reproduced as a mixture of these three colors. 
A serious objection to this method is that colors falling in the minima 
of transmission will be i)oorly re])roduced. 

Cajal from his work concludes that white is due to the formation of 
a mirror-like surface on the film and that this can be produced only 
by the use of amidol as an intensifier. The mirror-like appearance 
presented by the high-lights of Lippmann pictures readily lends itself 
to the idea that the surface is a silver mirror. That this is possible 
only when the picture is intensified with amidol is, however, a conclu- 
sion unsupported by other experimenters and contradicted by the 
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undoubted production of white by Neuhaus and others who did not 
use this intensifier. 

The possible modes of production of white are therefore three: 
first, by a general diffuse deposit as an isochromatic emulsion; second, 
by forming laminae corresponding to red, green, and blue; third, by 
producing a mirror surface. The second method was not tried in the 
present investigation, as being obviously a compromise. 

Attention was therefore turned to producing an isochromatic 
emulsion by combinations of color-screens and sensitizers. Numer- 
ous sensitizers were tried; of these much the best was isocol, in that it 
imparts a sensitiveness free of gaps or maxima. The sensitiveness 
given by it extends from deep red to blue and violet, gradually in- 
creasing toward the latter. Absorbing solutions of wool black, cobalt 
suli)hocyanate, and iron sulphocyanate reduced the action in blue, 
green, and yellow to that in deep red and gave very satisfactory isochro- 
matic action from red to ultra-violet. 

Plates similar to those used in the study of monochromatic colors 
were ])re])ared and exposed to white, at first with disappointing re- 
sults. Not only was there practically no Hght reflected from the 
partially expos.?(l ])arts, but the mirror-like high-lights were absolutely 
black. By intensification with amidol the plates could be made to 
reflect c()nsi(Iera])le light. This led to the (question whether the inten- 
siher did not merely increase the size of the grain, and whether this 
might not be done in llie emulsion. That the grain was too fine to 
give wliites by difl'use relleclion was also indicated by the fact that a 
fogged plate apj)eared i)lack and not while by reflection. 

A series of emulsions were tlien marie up containing increasing 
quantities of silver. These were exj)()se(l without the mercury mirror 
and tlie character of the deposit examined. It was at once apparent 
that while a very i'lne t^rain reflected diffusely very litde light indeed, • 
a coarser grain gave a strong white reflection which in the high lights 
became mirror-like. The brightest whites were given by an emulsion 
containing four times tlie silver content of that used for pure color 
work, or twice that used by Lippmann and others. This emulsion 
used with the mercury mirror ga\'e ])erfect white. The theory that 
diffusely distributed reflecting })articles formed in an isochromatic 
emulsion produci.' white is therefore supported. 
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As to the theory of Cajal that white is given only by a mirror- 
like surface, this was not supported by the results here obtained. 
The whites were quite perfect in the partially exposed parts. In fact 
it is the writer's opinion that the formation of the mirror appearance 
indicates rather the point where the white ceases to be good. A very 
slight exposure beyond this point, giving the clear yellow by trans- 
mission, results in the white becoming black. Everything is in agree- 
ment with the view before advanced that the mirror appearance is due 
to the merging-together of the separate particles with resulting loss in 
reflecting power. White will be given only so long as the particles are 
separate, being similar therefore to the white given by powdered glass 
or other substance transparent in the fused condition. 

Since the range of sensitiveness of the emulsion is at best rather 
limited, and since the grain must be kept small enough to render all 
colors ordinarily met with, it would not be surprising if some tendency 
should exist to form laminae corresponding to the mean wave-length, 
i. e., green. No appearance of green on underexposure of whites was 
observed'. Before mounting the prism the film had an orange tinge 
which turned to greenish on increasing the angle of incidence. The 
explanation of this is given by Fig. 4. Although complete laminae cor- 
responding to green light are not formed the deposit of silver increases 
in density from the surface to the point where the first lamina would 
form. Rapid damping prevents the formation of more surfaces. 
There is tlierefore a slight ga}) between the surface and the heavy 
deposit, forming a single thin film. On mounting the j)rism the upper 
surface is virtually destroyed. The orange color is what we should 
expect from Wiener's explanation of the shift of all colors toward 
red as long as the surface reflection is active. 

Sections supported these conclusions. Laminae were absent; in 
their place appeared a structureless deposit, increasing in strength 
toward the surface, reaching a maximum a short distance from it, the 
maximum corresponding to the distance in of the first laminae due to 
green light, as nearly as could be determined. This af)pearance is shown 
in Figure 11. 

PHOTOGRAPHY OF NATURAL OBJECTS 

To photograph natural objects conditions must be such as to give 
whites and colors of small spectral i)urity. This is secured by using 
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a fairly coarse-grained isochromatic emulsion developed with a devel- 
oper giving a transparent highly reflecting deposit. 

For experiments in this direction a number of different emulsions 
and modes of preparation were tried. Good results were obtained 
with very coarse-grained ones, but experience showed the proportions 
of silver bromide and gelatine in general use to be probably the 
most satisfactory. Little choice exists between the several modes of 
preparation published. The silver nitrate may be digested with part 
of the gelatine; dissolved in water and added, before mixing, to one 
part of the gelatine; dissolved in water and added to the gelatine 
containing the potassium bromide; or added in dry powdered form 
to the latter. The quantity of silver bromide is double that found 
best for monochromatic light-re{)roduction. 

To secure isochromatism, isocol as a sensitizer, with the absorbing 
solutions above given, or, as the sensitiveness imparted by isocol is 
very fugitive, a more permanent combination of pinacyanol and 
pinaverdol, with a screen of wool black, was found to answer fairly 
well. 

The only point in the manipulation not yet described is the choice 
of film thickness. The standing wave-structure being shallow, great 
thickness is no object. Speed, too, is gained by small depth. The 
thinnest fihn is obtained by tlowing the warm emulsion on and oflf 
glass plates warmed to the same temperature. This gives a thickness 
of about 1 1 ,, mm, on whicli most colors reproduce satisfactorily as 
far as the eye can tell. The resolving power is small of course, and 
some anomalous results are to be expected. Purple is about the only 
color of any complexity often met with, and the film should be thick 
enough to resolve its two maxima well. The most satisfactory thick- 
ness was ol^tainerl by llowing the emulsion on and off glass plates at 
room temperature, about o ,^, ,> mm. Exposures with //3.6 on sunlit 
o])jects rani^ed from 1 1 to 5 minutesr according to sensitizers, etc. 

With emulsions made up and used in this way good color rendering 
was obtained. The sum total of the results on photographing natural 
objects lias Ix'cn to vindicate the procedure indicated by theory and 
carried out by Lij)])mann. The deviations from that procedure by 
Lehmann and Cajal M'cm unnecessary to secure successful results. 

The (lilTicullies notefl by all workers with the process as applied 
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to photographing natural objects were found to be very real. They 
are in brief the great dependence of success on correct exposure and 
development. Ver)' slight deviations will make the colors either weak 
or diluted with white. This is due to the laminae being few and close 
to the surface. With pure colors a certain amount of clogging up 
affects but a small part of all the laminae, in diluted colors practically 
all. A larger proportion (twice as much) of bromide in the developer 
than was used for pure colors was found materially to help the bril- 
liancy of these colors. A larger percentage of failures is to be expected 
in any process of color photography than with black and white, since 
the eye is more sensitive to errors of treatment where color occurs. 
The sensitiveness of the Lippmann process to sUght deviations from 
correct conditions is, however, much greater than the three-color 
method, and good results come only from repeated patient trials. 
When obtained they are extremely dependent on correct viewing 
conditions, to appear to any advantage. The colors being formed 
for the most part by two or three laminae backed up by a diffuse de- 
posit, great care must be taken to exclude all light except that coming 
in the direction to be regularly reflected by the laminae. Light from 
other directions is not sent to the eye by the laminae but is by the 
diffuse deposit, causing a drowning-out of the colors with white light. 
By making the film excessively thin so that the laminae are formed, 
but not the deposit behind, the colors are more brilliant and less 
affected by conditions of illumination. Colors of any complexity, 
such as purple, however, suffer. 

A SUBSTITUTE FOR THE MERCURY MIRROR 

One of the obstacles to wide use of the Lippmann {)rocess is the 
necessity for a mercury mirrror. Each plate-holder must be arranged 
as a tank into which before exposure mercury must be flowed. Sev- 
eral attem])ts have been made to obtain substitutes for the mercury. 
Krone' dispensed with it altogether, relying on the gelatine-air reflection, 
but the colors are then duU and unsatisfactory. Lehmann has flowed 
the emulsion on a collodion-coated ])olislied metal ])late. After ex- 
posure the composite film could be stripped and placed on a glass 
plate. Pure colors, s})ectra, etc., can be so reproduced, but those 

' Darstellung der natUrlichen Farbcn diirch Photof^raphie, 18Q4. 
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whose lamina system is close to the surface cannot, since that space is 
occupied by the collodion. Placing a silver mirror in close contact 
with the gelatine has the same objection. 

The writer has recently discovered a substitute for the mercur\^ 
mirror, of a form which permits the plates to be handled and used 
precisely as ordinary dry plates. 

The procedure is as follows: A glass plate is heavily silvered and 
then flowed w^ith a thick solution of celluloid in amyl-acetate. When 
this varnish is dry the plate is placed under water; this slowly works 
under the coating of celluloid, lifting it from the glass, and bringing 
with it the silver. This flexible silver mirror is immediately laid, silver 
surface down, on a wet Lippmann plate and allowed to dr>^ there, a 
necessarily somewhat slow process. When dry, the gelatine film has 
the silver surface in optical contact with it. The plate may be then 
exposed at any time in an ordinary plate-holder. After exposure the 
celluloid film is stri])ped from the gelatine, taking with it most of the 
silver, the plate developed, and after thorough washing, the remains 
of the silver are removed with a tuft of wet cotton. 

This substitute works perfectly for all types of colors, and except 
in the laboratory where a conxenient dark room makes the use of the 
mercury mirror simj)le, facilitates the practical working of the process. 
Especially would it do so for the photograj^her who buys his plates 
ready made. In that case the only difference between ordinary and 
color photogra})hy would be the longer exposure in the latter case, 
and the necessary mounting of a j)rism on the picture, and of course 
the im})ossibility of copying. 

A diffjculty which has proved rather troublesome is that some of 
the best sensitizers are a])t to lose their effect during the slow drying. 
Eryihrosine acts ])erfectly; j)inacyanol and pinaverdol are apt to fail. 
Til is can j^robably be overcome, either by dilTerent choice of sensi- 
tizers, by so treating these that slow drying does not harm, or perhaps 
by finding some more ])()rous substance than celluloid which, acting 
the same in otlier respect.s, will permit (juick drying. Collodion has 
been trierl, but has not been found to strip off the gelatine well. 

THRi:i>C()LOR INTER I'KRKXCK PICTURES 

The caj)acity of the Li|)pmann film to reproduce pure spectrum 
colors easily and witii certaint}- adapts it for an a})j)lication to the 
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three-color process, published by the writer some time ago.' In the 
synthesis of the properly taken records of the three-color sensations 
spectrally pure red, green, and blue light are called for. The Lipp- 
mann film furnishes an unequaled means for securing these. 

The method used was to place before the plate an opaque-line 
screen, having opaque spaces twice the width of the transparent. The 
three positive color records were projected one after the other with 
their appropriate colored lights, the line screen being moved each time 
the width of a clear space. The result was similar to the Joly picture, 
consisting of alternating lines of red, green, and blue. 

In the first pictures so made the colored lights were obtained from 
sunlight by a monochromatic illuminator, but satisfactory purity and 
shortness of exposure were not secured. In experiments since car- 
ried out the line screen was removed from contact with the plate, as 
this necessitated a narrow source of light, and placed in contact with 
the three-color positive, an image of the screen and positive being 
formed by a Planar lens of fine defining power. For light-sources 
the cadmium red line (X6439), the magnesium green (^5170), and 
the lithium blue (X 4602) were found most available, obtained in the 
manner described in a following section. 

The three-color interference pictures so made are of great brilliancy 
and beauty, especially if the hydroquinone development and bleaching 
are used, when the component colors are of practically ideal purity. 
Quite long exposures are necessary, amounting under the best con- 
ditions to a total of fifteen or twenty minutes. This time can probably 
be materially reduced. The pictures are, however, far more easy and 
certain besides being more brilliant than the regular Lippmann pic- 
ture. They constitute an excellent means of carrying out the three- 
color principle, and have the interesting ])ro])erty of owing their color 
to the direct action of light and not to pigments or colored glasses as 
do the other three-color schemes. They can, besides, be duplicated 
indefinitely. 

SKNSITIZERS 

During the ].)rogress of the work various color sensitizers were used, 
depending on the portion of the spectrum photographed. The list 
included erythrosine, cyanin, pinacyanol, pinaverdol, pinachrome, 

I Physical Rcvie:v, 24, 103, 1907. 
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isocol, homocol, and dicyanin. For bathing yoVo irir solutions in 
water were used, without ammonia; in the emulsion about one cc of 
a tVoo alcoholic solution to loo cc of emulsion. Some observations 
of their behavior with these very slow emulsions are of interest. 

In general it was found that bathed plates acted more cleanly and 
brilliantly, two sensitizers, isocol and homocol, acting very poorly in 
the emulsion. Ammonia was not used as it has a tendency to make 
the plates ripen, with consequent great increase in the grain. Bathed 
plates were, however, unsuitable for a large part of the work, since the 
sensitizing action extends only a short distance into the film, even 
with long bathing. Fig. lo shows a section of a plate bathed fifteen 
minutes in a j ^y^\^^, ^ solution of homocol. 

For green all of the sensitizers are good except cyanin, dicyanin, 
and pinacyanol. For the red, pinacyanol is far and away the best, the 
action of cyanin not extending far enough down, and that of dicyanin 
being too feeble. The great difficulty has been to sensitize for the 
light blue. On ordinary ])lates there is apt with many sensitizers to 
be a minimum in the blue green near X 5000. On these slow plates 
this gap is in the blue. This is owing to the natural sensitiveness of 
the plates only extending to the violet, while with fast plates it goes 
down to the blue. The descending curve of green sensitiveness im- 
parted sa\ by erythrosinc meets the descending curve of the emulsions' 
own sensitiveness in the one case in the blue, in the other in the blue 
green. This was verified by greatly reducing the amount of sensitizer 
when the weak blue sensitiveness was stronger than the imparted 
sensitiveness in the blue green. This behavior of the plates makes 
sensitizer combinations, such as pinacyanol, homocol, and pinaverdol,' 
which fill the blue green in ordinary plates, inefiicient here. A blue 
sensitizer, not needed for fast plates, is really required with the Lipp- 
mann j)late.s. Isocol was the only sensitizer found which gave a sen- 
sitiveness free from gajjs.^ 

As to the keepin«^r cjualities of the sensitized ])lates, it was found that 
the erythrosine-cyanin, or crythrosine-pinacvanol emulsion plates kept 

' R. J. Wallace, A s!r<>ph\'siral Journal, 26, 2g(), 1907. 

2 The scnsiliz(.T> u-cH were of the followinjr makes or sources: pinacyanol, pina- 
verrU)!, pinarhroiiK', dicyanin, from Mci^ter, Liuius, and Briining; isocol, homocol, 
from the Bayer Co.; ( y.inin froni Kinu-r & Amend, Xew York: crvthrosinc, from 
F. A. Reirhardt, New ^^.rl^. 
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well, at least for a week or two. Bathed plates lost their sensitiveness 
quite rapidly; isocol-bathed plates in four or five hours, rendering 
them useful only for quickly carried out experiments. Pinaverdol 
in the emulsion in one case lost its action in four days. Pinacyanol 
and pinaverdol emulsions which dried slowly, as those prepared for 
use with the silver-celluloid mirror, sometimes showed complete loss 
of color- sensitiveness. 

SOURCES OF MONOCHROMATIC LIGHT 

In the study of monochromatic light reproduction and in making 
three-color interference pictures difficulty was experienced in finding 
suitable monochromatic sources. As the plates are very slow, and 
large surfaces were illuminated, sources capable of giving a large 
quantity of light for a long period were essential. Many ordinarily 
used sources were useless, either because of their small intrinsic 
brilliancy, or because of their too short life. The spark, the vacuum 
tube, the flame, arcs between easily melted metals, were among these. 
Another requisite was that the line used should not be so near other 
lines as to render its separation impossible by means of absorbing 
screens; resolution by means of a prism causing too much loss of 
light. 

The following list of the most satisfactory sources found is given 
as of possible use in other lines of work where great intensity for a 
long ])eriod is required. It is by no means complete, since search 
was st()])pcd when a satisfactory one for any color was found. Where 
obtainable the best sources are undoubtedly the Heraeus fused (juartz 
lamps and the mercury vacuum arc. The open arcs here tested are 
as a rule more brilliant and are easily manipulated. Carbon was 
used uniformly as negative electrode: 
Red. Lithium A 6708. Lithium suli)hate in cored carbon. 

Cadmium A 6439. Cadmium ordinarily burns with dense brown fumes 
\vhi( h form a cake of brown oxide around the rapidly melting elec- 
trode. This may be avoided l)y melting the cadmium into a copper 
tul)e. The coi)per and cadmium lines ai)pear together, but the 
red cadmium line is distant fR)m the C()])per lines. A current of not 
more than four amperes is Ix^t. 
Orunqe. Lithium X6103. Lithium >ulphatc in cored carbon. 
Yellow. Sodium A 5B93. Sodium chloride in cored carbon. 
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Green. Thallium A 5360. Metallic thallium in cored carbon. 
Magnesium A 5162. Magnesium powder in cored carbon. 
5172 
5167 
Silver \ 5460 and 5209. Silver, which in rods melts in a few seconds, 
bums steadily and brilliantly if a thick wire is placed in a cored 
carbon. Wire of 2 mm diameter in a carbon of 10 mm diameter 
gave excellent results. 
Cadmium A 5085, obtained from an alloy of tin and cadmium in a 
cored carbon, one part by weight of cadmium to six of tin. 
Blue. Lithium X 4602. Lithium sulphate in cored carbon. 

Solutions of various aniline dyes separated most of these clearly. 
Copper chloride was found useful when either end of the spectrum 
was to be absorbed. With increasing concentration its absorption 
moves in, maintaining constantly a sharp boundary. Care must be 
taken that the temperature of the solution does not rise while in use as 
this causes widening of the absorption. 

MISC?:LLANKOrS PHENOMENA 

Relative position oj reproduced with rejercfwe to incident wave- 
lengths. — Owing to the partial solubility of the gelatine and perhaps the 
washing-out of unalTcctcd silver bromide the films show a general 
tendency to shrink in develoi)ment and washing. This causes the 
colors to shift toward blue. This tendency is much more marked 
when the plates are fixed with "hypo.'' In most of the work fixing 
was dispensed with, Lehmann having found the pictures to keep 
perfectly without. This shift is much more marked with pure colors 
than with mixed, the interlaniinary spaces being freer of deposit. This 
is well shown by j)lu)tographing a continuous spectrum, using a rather 
wide slit, beside a line s})uctrum; the lines are reproduced as notice- 
ably of shorter wavu-len.L^lh tint. If the slit is then closed up to ex- 
treme narrowness and exposure is made, the sjjectrum colors agree in 
lint with the monochromatic lines. 

Bleaching with mercuric chloride, on the other hand, swells the 
film; the two j)r()cesses of fixing and bleaching therefore tend to 
neutralize each other. 

In working with vt-ry tliick films a s])urious "Dopplcr effect" 
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frequently occurs. The surface portions of the film wash away more 
than the deeper, so that a diffuse band of light appears on the blue 
side of the sharp line. 

CItaracteristic curve. — In the photographic plate the density by 
transmission varies nearly directly with the time of exposure. This is 
because the deposit of silver is in logarithmic relation to the time of 
exposure, and the increase of opacity of an absorbing medium also 
follows such a law. When the deposit is viewed by reflection this 
relationship between exposure and intensity does not hold, the rela- 
tion becomes logarithmic instead of linear. The exact relationship 
is complicated by absorption, which tends to hasten the "saturation 
point/* A further complication arises in the Lippmann process with 
very short exposures, owing to the necessity for the reflecting particles 
to have a certain size and a certain closeness to each other to form a 
regularly reflecting surface. This was observed in a plate one-half 
of which was exposed behind a coarse opaque grating with lines cover- 
ing § of the surface. The part behind the grating was exposed to 
nearly full exposure, the part not covered exposed until, when held 
at arm's length (where the lines were no longer visible) , the two parts 
appeared of exactly the same density. By reflection the portion only 
partly covered by the full exposure was much more brilliant than the 
portion completely covered by the shorter exposure. 

These several effects tend to shorten the scale of gradation of the 
plate, unfortunately, because the eye is more sensitive to this defect in 
colored than monochromatic pictures. 

Different rates oj development jor differefit colors. — In developing 
three-color negatives where all three images are on one plate it has 
been observed that the three images develop at different rates although 
the ex})0sures and the final densities are correctly proportioned. The 
Lippmann film exhibits the effect clearly. In making three-color 
interference pictures the colors were found to depend considerably 
on the time of development. With short development the green and 
blue predominated, with longer the red became stronger, the final 
picture showing, however, the relative exposures not too long for blue 
and green. Trouble from this effect was easily avoided by keeping 
the lime of development constant and regulating the exposures for 
that de\'elo})ment. 
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SUMMARY OF RESULTS AND CONCLUSIONS 

Reproduction of monochrom<iiic light. — A smaller amount of silver 
bromide than usually employed gives purer reflected light from the 
Lippmann film. 

Increase in thickness beyond about o I j, mm causes no correspond- 
ing increase of purity so long as pyrogallic acid development is used. 

The standing waves are formed throughout the thickness of the 
film ; non-formation of laminae is due to surface action of the developer. 

Other developers such as hydroquinone develop evenly through the 
film. By bleaching the deposit formed by their use films are obtained 
giving purer reflected colors than heretofore obtained and increasing 
in resolving power with thickness. 

Mixed colors. — Films developed with i)yrogallic acid have small 
cajjacity for rendering complex structure, but luminosity values arc. 
well preserved if the grain is not too fine or exposure too long. 

With hydroc|uinone and bleachinij, complex radiations are pro- 
duced witli a fidelity dej)endent only on the practically attainable 
thickness of film. This resolving power is at the cost of luminosity. 

White, — White is produced by the action of white light on fairly 
coarse-grained rigidly isochromatic emulsions. 

Natural objects.— The colors of natural objects are well reproduced 
by emulsions suitable for giving whites and mixed colors, i. e., of 
somewhat coarser grain than is best for pure colors. 

Pictures of natural objects are more (Hfllcult to obtain than those 
of pure colors because of shallowness of the standing wave-structure. 

Substitute jar the mercury mirror. — A means has been found of affix- 
ing a silver retlecting surface in optical contact with the film, enabling 
tlie mercury mirror to be dispensed with. 

TJiree- color inter jerence pictures.— The Li|)pmann film, by reason 
of its ca])acity for reproducing ])ure colors, is well adapted to appli- 
cation to three-color photogra])hy. 

In conchision 1 wish to acknowledge my indebtedness to my father, 

Mr. Frederic 1^. Ives, wliose life-long experience with photographic 

])rocessL's has always been freely ])lace(l at my service. I also wish to 

thank Professor J. S. Ames for the kindly interest he has shown in 

the progress of tlie work. 

J()H\s Hopkins I'MviRsirY 
March kjoS 



THE PRODUCTION OF SPFXTRA BY AN ELECTRICAL 

RESISTANCE FURNACE IN HYDROGEN 

ATMOSPHERE 

By ARTHUR S. KING 

The purpose of this paper is to give the results of a series of experi- 
ments in which spectra were obtained by means of a tube-resistance 
furnace in an atmosphere of hydrogen. Briefly stated, the method 
was to pass a heavy ahernating current through a graphite tube 
placed in an air-tight chamber filled with pure hydrogen, thus heat- 
ing the tube to incandescence and vaporizing the metal or salt placed 
therein. The distinctive points of the method are twofold: (i) the 
elimination of the electrical action given when the incandescent vapor 
carries the electric current, as in the arc and spark; (2) the avoid- 
ance of the chemical action of unknown character and magnitude 
which takes place in the flame. We have thus to deal with a spectrum 
given at a temperature which may be regulated by the strength of 
the heating current, with no supply of oxygen present, and when the 
possible chemical action is very limited. 

The investigation was directed along two lines: (i) to see whether 
the spectra of certain elements could be obtained under conditions 
approaching so nearly to a '^ temperature spectrum" as we have here 
and what conditions modified the sj)ectrum; (2) to make a more 
intensive study of certain spectra for which a considerable number 
of lines were obtained, comjxiring the lines and their relative inten- 
sities with those given by other light-sources. 

Apparatus. — The chamber to contain the resistance tube was a 
brass cylinder of 10 cm internal diameter and 40 cm length, with an 
extension tube at one end closed by a window, while tlie other end 
of the cylinder was closed by a cap clam})ed on and fitting tightly 
with a rubber washer. This cap could easily be removed and had 
a short extension tube coaxial with the main cylinder, closed by a 
window. The graphite resistance tube was sui)ported in the middle 
of the cylinder, its axis being in a line with the window tubes, so 
that the interior of the incandescent graj)hite tube could be observed 

353 
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from cither end. The support of one end of the furnace tube made 
contact directly with the side of the brass chamber, while the support 
of the other end was insulated and connected with a heavy copper 
terminal passing out through an insulated joint in the side of the 
cylinder. The heavy current leads were joined, one to the insulated 
electrode, the other to the side of the brass cylinder itself. Two 
inlet tubes, one joined to a vacuum pump, the other through purify- 
ing vessels to a hydrogen generator, completed the essential parts of 
the furnace chamber. 

For the resistance tubes both carbon and Acheson graphite were 
used, the latter being more easily machined and making better con- 
tact with the terminals, though the necessity for thinner walls made 
them more fragile than the carbon tubes. The length of the tubes 
used was 15 to 20 cm, and they were bored out with a hole 4 mm in 
diameter. The original outside diameter of 16 mm was left for a 
length of about 15 mm at each end for the contact and the wall filed 
down between these points to a thinness sufficient to give the neces- 
sary resistance, this requiring a wall only about 0.5 mm thick for 
the graphite tubes with the available power. The heating current 
was supplied by a 5 K. W. transformer kindly loaned by Professor 
Cottrcll of the Department of Physical Chemistry. This transformer 
could be connected for different voltages in the secondary, the con- 
nection generally used giving about 25 volts when supplied from the 
iio-volt circuit. The primary current in the transformer was regu- 
lated by a rheostat, enabling the heating current to be gradually 
raised to the maximum outj)ut. 

The hydrogen used to fill tlie chamber was generated from zinc 
and sulphuric acid, and i)urified by |)assing through a series of 
vessels containing sulphuric acid, alkaline pyrogallic acid, and 
sodium hydroxide. 

The photograpliic observations were made with a small quartz 
S[)ectrograph, Seed's orthochromatic plates being used. A quartz 
lens was employed to project an image of the interior of the furnace 
tube on the slit. 

Method oj luork. — If the substance to be placed in the tube absorbed 
water readily, all water was first driven off by heating in a porcelain 
crucibk'. Then the substance was transferred to the tube which was 
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kept heated by the current almost to red heat. The chamber was 
closed as quickly as possible and pumped out to a pressure below 
I cm, sometimes as low as i mm. Hydrogen was then passed slowly 
in and pumped out, the chamber being flushed out several times with 
the gas and finally allowed to stand full of hydrogen at atmospheric 
pressure. The heating current was thenjturned on and the primary 
resistance gradually decreased until the full voltage of the transformer 
was on the tube, and the exposure made, a current of nearly 200 am- 
peres then passing through the tube. As the pressure of the hydrogen 
increased with the heating of the tube, a stopcock connecting with the 
water-jet pump through sulphuric acid vessels was opened from time 
to time keeping the hydrogen in the chamber always somewhat above 
atmospheric pressure. 

When the fragile graphite tubes were used, the current was usually 
allowed to run until the tube broke, this taking place, in cases where 
there w^as no vigorous action between the substance being vaporized 
and the material of the tube, after a run of 15 to 30 minutes, owing 
to stresses caused by the unequal expansion of the tube and the 
supports by which the current was led in. The window at the oppo- 
site end from that toward the spectrograph could be used at any 
time for visual observations by placing a direct-vision spectroscope 
in front of this window. This was especially useful for watching 
the change in the spectra at different stages of the run. 

RESULTS 

Sodium. — The observations made with sodium in the tube gave 
imi)ortant data both on the part played by chemical action and on 
the lines given under the conditions present in the furnace. Only 
visual observations were possible with metallic sodium in the tube, 
as the tube disintegrated so rapidly under the action of the sodium 
that no time for a photographic exposure was allowed after the 
furnace reached maximum heat. With the limited chemical action 
here present, the D lines did not appear readily, in spite of the large 
amount of sodium vapor in the tube. They appeared, however, as 
only moderately strong bright lines when the tube reached brightest 
incandescence. 

With carefully dried sodium chloride in the furnace, the action on 
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the material of the tube was much slower and it was possible to 
photograph the spectrum. A preliminary visual obser\'ation showed 
that the chloride gave the D lines under these conditions better than 
the pure metal. The lines appeared readily as the tube became hot 
and remained as strong bright lines. 

A photograph w^as obtained with sodium chloride in the tube 
w^hich confirmed the visual observations as to the strength of the D 
lines given by the salt and showed a number of other sodium lines 
whose identification in the visual observations w^as rendered uncer- 
tain by the small dispersion used. The following pairs of lines appear 
on the plates. The intensity numbers indicate roughly the inten- 
sities of the pairs, the component lines being so close together as to 
render difficult a judgment of their separate intensities. 

\ Intensity X Intensity 

6161.IS / , 4660.4 ) 

r ( ^ AA ( trace 

6154.62 \ 4665.2 ) 

58g6.i6/ ^^^ 3303.07/ ^^ 

58Q0.19 \ 3302.47 ) 

56S8. 26 \ 2852.91 4 
5 68 2. go \ 

40'S3-53 / 

4979-30 \ 
Two interesting^ points may be noted for this spectrum: (i) Three 
members of the princi])al series, viz., X\ 5896-90, 3303-02, 2853, arc 
given verv strong under conditions which exclude the presence of any 
appreciable supply oj oxyi^en. This contradicts the \dew^ held by 
.some investi.i^ators that these Hnes require the })resence of oxygen; 
althouj^h, as has been noted, it is probably true that chemical action, 
such as tluit afforded b\' the dissociation of a .sodium salt, greatly 
favors the ]»r()(lucti()n of these lines. (2) A comparison of this list 
of lines witli that given by de Watteville' of llame lines of sodium 
shows tliat hv obtained with tlie llame the Unes listed a]x)ve (except the 
pair XA. 6162 -55, out of the ran<^e of his ])hotograph.s) and no others, in 
sj)ile of tile vigorous eliemical action taking place in the flame. 
Furthermore, the relative intensities of the })airs as given by the fur- 
nace arr siirj>risin;^ly close to those of de Watteville's plates, the 

I Phil. Trans., 204, i^^g rf»S, 1904. 
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latter giving intensities 50, 8, 4, 2, 10, 5, for the six pairs beginning 
with X 5896. He found these lines of about the same intensity in 
both the cone and the outer portion of the flame used. 

Calcium; Urn spectrum, — The following calcium lines were 
photographed distinctly with metallic calcium in the furnace tube 
in an atmosphere of pure hydrogen : 

5594- 64 4435-86 

5588.96 4425.61 

5270.45 4226.91 
4456.08 

Of these lines, X 4227 was very broadly reversed. Traces could 
be detected of the group of six lines from X 4319 to X 4283. Nothing 
was to be seen of XX 3968, 3933 (H and K of the solar spectrum) 
which are strong in arc, spark, and sun. 

A remarkable phenomenon is to be noted in regard to the lines 
H and K. Although they did not appear with this large amount of 
pure calcium present, they were given faintly on two plates when 
calcium (probably some compound) was present only as an impurity. 
One of these plates was taken with caesium chloride in the furnace 
lube, the other with mercuric chloride. In both cases X 4227 is 
given strong but not reversed, and the H and K lines may be seen 
distinctly, coinciding exactly with the same lines in comparison arc 
spectra. 

Although this behavior of H and K requires further investigation 
before an explanation can ])e offered, it may be mentioned here that 
the lines a])pear faintly in the more intense tlames and traces of 
them were obtained by the author in a ])revious investigation,' when 
calcium was vaporized in a carbon tube heated by an arc on the out- 
side, air being present. It thus appears that the temperature of the 
furnace will not give these lines unless some chemical action takes 
place which is not ]jermitted when pure calcium is vaporized in an 
atmos])here of hydrogen. Aside from the absence of the H and K 
the furnace in hydrogen gives a s})ectrum not very ditTerent as regards 
the lines which appear and their relative intensities from the flame 
spectrum observed by de Watteville' and by Olmsted' and that of 
the arc furnace in air. 

« A stro physical J ournaly 21, 236-257, 1905. 

a Loc. cit.f p. 152. 3 Bonner Dissertation^ 1906. 
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Band spectrum. — Bands were photographed in the orange, yellow, 
and green which appear to coincide in position with the flame bands 
at XX 5934, 5816, and 5543, ascribed by Eder and Valenta' to the 
chloride and oxide. As these compounds were absent in the furnace, 
the bands which appear must belong to the metal itself or to the 
carbide or hydride. A rich band spectrum was also observed visually 
in the red, for the definite location of which a higher dispersion will 
be necessary. 

Iron. — A large number of iron lines were given by the metal in 
the furnace tube. This was probably as near a "temperature spec- 
trum" as any that were obtained in the hydrogen atmosphere, there 
being no perceptible chemical action on the iron unless a slight 
adhesion to the graphite of the molten iron which was not vaporized 
indicated the formation of a carbide. 

On account of this minimum chemical action, it is of interest to 
compare the list of lines given by the furnace with those obtained 
by de Watteville^ from the iron flame, the temperatures of the two 
sources being not very di Querent, while in the flame the chemical 
processes have full scope. The following table gives the estimated 
intensities of the iron lines on my plates, and in the next two columns 
the intensities given by de Wattcville of the same lines as they appeared 
respectively in the cone and exterior portion of the flame used by him. 

The following table permits only a very rough comparison between 
the spectra of the furnace and flame, as the photographs were made 
by diflVrent observers under widely dilTerent experimental conditions. 
Many more lines are recorded by de Watteville than are given on 
my ])Iates, but this does not give a comparison of the actual richness 
of the two spectra, as the furnace tube usually broke after a run of 
20 to 30 minutes, while exposures as long as eight hours were used 
by de Watteville for the flame. In general, however, the results 
speak strongly for the s})ectrum of the flame being due very largely 
to temperature radiation, since the Hnes given by the furnace in 
hydrogen are found not only in the cone of the flame, but in the large 
majority of cases in the external layers where chemical action should 
be at a maximum. There are, to be sure, many differences in rela- 

^ Beitra^e ziir Photochcmk ttud SpedraUinalyse, p. 92. 
' Loc. cit., ])j). 164- 1 68. 
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tivc intensity of lines, which may be due both to the differences in 
temperature and to the chemical processes in the flame. 

At the Mount Wilson Solar Observatory I have had an oppor- 
tunity to compare these results for the iron spectrum with the inten- 
sities of iron lines in the spectra of the sun and of sun-spots. The 
lines given strongly by the furnace in the yellow and green are without 
exception lines much intensified in sun-spots. This relation does 
not hold so generally for lines in the violet and the beginning of the 
blue, a condition found by Messrs. Hale, Adams and Gale' to hold 
for other Hght-sources in which the temperature was comparatively 
low. As furnace sj)ectra with more efficient apparatus and higher 
dispersion will |)robably soon l)e obtained in the observatory labora- 
tory, it will perha])s not be profitable in this i)aper to go farther into 
the astro] )liysical side. 

Copper. — With tlie metal in the furnace, the only copper line 
obtained was the flame line X 5^05.75. The same groups of bands 
appear whicli were obserwd by the author with the arc furnace and 
wliicli liave also been obtained in the llame. These bands have 
heads at X\ 4005. 42S0, 44(/), 4547i 459^^ 4^>49j 4689. With the 
lube furnace in Indro.^en, the formation of either a carbide or hydride 
is possible, ])ut the first of these compounds is unHkely in the ox)^- 
hydrogen (lame, and the second could scarcely appear in the arc 



^ Contribiiiinns from the SoUir Observatory^ No. 11 

185-213, li)0(). 



Astro physical Journul^ 24, 
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furnace without hydrogen atmosphere. It thus seems probable that 
these copper bands are due to the metal itself. 

Mercury. — Several attempts were made to obtain the mercury 
spectrum by forcing the furnace to its maximum temperature, but 
no lines were obtained. Observers of the flame spectrum have had 
the same experience. Mercury placed in the furnace tube was of 
course quickly vaporized and might not be sufTicient for the purpose, 
so a large supply of the vapor was provided by placing a crucible of 
the Uquid immediately beneath the furnace tube. A good deal 
was also lying on the bottom of the brass chamber. The furnace 
was then given a long run at maximum current. The furnace 
chamber around the tube became hot enough to melt lead on the 
outside, and the mercury was vaporized in large quantities, con- 
densing thickly over all parts of the interior when the apparatus 
cooled. The furnace thus ran in an atmosphere of mercury vapor 
saturated at a high temperature, but no spectrum appeared. 

Mercuric chloride was tried in the hydrogen atmosphere. It was 
thought at one time that the green mercury line was observed visually, 
but the low dispersion made this uncertain and it was not confirmed 
by the photographs. 

Caesium. — The chloride was used in the furnace tube, but the 
conditions were not so favorable as in the author's former work with 
the arc furnace, only the i)air W 4593, 4555 appearing faintly on the 
plates. Probably the small amount of the salt in the tube would 
account for this weakness of the spectrum, as with the arc furnace 
a large quantity of the chloride was fed into the tube as the experi- 
ment progressed. 

x\s has been noted, this spectrum as well as that of mercuric 
chloride was notable in that it showed the H and K lines of calcium. 

SUMMARY 

The results of this investigation may be summarized briefly 
under two heads: (1) There is no evidence to indicate that a sufli- 
ciently high temperature wiU not i)roduce radiation without the 
intervention of either electrical or chemical action, aUhough when 
chemical action was permitted the radiation ap])eared to be favored 
thereby; (2) the similarity of the furnace spectra to those given by 
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the more intense flames indicates that the radiation of the flame is 

very largely a thermal effect, aided without doubt by the abundant 

chemical processes attending the combustion. 

These experiments were carried out in the physical laboratory of 

the University of California, and I wish to express my thanks to 

Professors Slate and Lewis for the facilities placed at my disposal. 

Pasadena, Cal. 
March 1908 



SOME REMARKS ON PROFESSOR BARNARD'S ARTICLE 
ON SATURN'S RINGS 

By W. H. WRIGHT 

In the January number of the Astrophysical Jmirnal Professor 
Barnard has published an exceedingly interesting account of his 
observations of Saturn's rings during the recent opposition. He has 
also added an explanation of the bright '*beads" or ^'knots'* observed 
on the rings when v^e view their unilluminatcd surfaces. At the time 
of reading Dr. Barnard's article I had in the process of preparation 
for publication some notes on the same subject, that is, in explana- 
tion of these phenomena, the theory, like that of Barnard's, being 
based, partly at least, on the meteoric constitution of the rings. So 
far as I am aware Professor Barnard's paper contains the first pub- 
lished discussion of the phenomena presented by the "disapi)earance" 
of the rings, treated in the light of our knowledge of their meteoric 
constitution, it being a curious fact that even recent discussions of the 
subject have been based upon the assumf)tion that the rings are 
opaque. My conclusions differ in some respects, however, from those 
of Barnard, and it aj)pears worth while to make some statement of 
them; but as much that I had in mind to say has been said by him, 
I shall, to avoid repetition, put my remarks in the form of comments 
on his article. 

Professor Barnard states that since the rings are made uj) of meteor- 
ites we should expect that they would be visible from the unillumi- 
nated side by the "j)ercolation, scattering, and reflection of sunlight 
through them," and on this ground he endeavors to explain the visi- 
bihty, not only of the cra[)e ring, but of the entire system, including 
the outer beads. To ([uote directly from the article: 

We shoukl therefore expect to see the entire surface of the rings at this time 
by percolation, scattering, and reflection of the sunlight through them. One might 
expect under these conditions that the brighter ix)rtions of the ring wouldappcar 
dark when so seen by cutting out more of the sunlight through a greater number 
of particles. This, however, up to a certain point of density would not be so; 
it would in reality be just the reverse. In the case of the crape ring it v*ould 
appear faint -as it does always — because of the fewer particles to reflect the sun- 

3^3 
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light. Were they more densely packed, as in the bright rings, there would be a 
relatively greater amount of scattering, reflection, and diffusion of the light and 
they would appear relatively bright 

It is apparent to any observer of Saturn ordinarily, with a telescope of sufi&cient 
power, that the outer one-fourth of the inner bright ring is much the brightest part 
of the entire ring and ball system; the inner portion of that ring being of the 
same brightness as the outer ring, which is uniformly illuminated. Let us there- 
fore see where these condensations fall on the projection of the rings. 

As regards the visibility of the crape ring it seems to me that Pro- 
fessor Barnard's statement is correct. In fact he might have gone 
farther and said that the crape ring would appear intrinsically brighter 
viewed from the unilluminated side at a low angle with the surface 
than it does when seen from the relatively high angle at which it is 
observable from the other side. It seems not improbable that 
when viewed at a grazing angle its intrinsic brightness is, in places, 
probably half that of the brightest part of the system. This increased 
brightness is due to the fact that the lower the angle of observation 
the more meteorites, of which the ring is comj)osed, are included in a 
given small solid angle of vision, and therefore, up to a certain point, 
the brighter the thin projection of 'the ring should appear. 

Considering now the visibility of the denser part of the ring sys- 
tem from the unilluminated side, due to light coming through it, the 
explanation seems to me to be at least doubtful; while it aj)pears very 
improbable that any illumination as strong as that involved in the 
outer beads could be due to this cause. Let us assume that the ring 
system is solid. In that case we, on the unilluminated side, would 
get no light except that coming from the edges. If we now conceive 
the ring to be composed of closely packed, independent bodies, we 
shall still get no light, provided the bodies are close enough together. 
If a num])er of these ])odies, or meteorites are removed, here and 
there, through the mass, some of the remaining ones will finally be 
seen iHuminated, and as the process of removal ])roceeds, the amount of 
light so given out will incruasr up lo a ])oint where the bright meteorites 
arc relatively so numerous that their removal takes away more light than 
is addefl l)y tlie eliniinalion of those which cast shadows on others in 
tlie field of view. Beyond this ])oint the elimination of meteorites 
will act only to cause less light to reach us from the rings, which will 
conse([uently decrease continuously in brightness to the point of extinc- 
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tion. There is nothing about the problem to warrant the belief that 

there is a double maximum of light during the process of thinning 

out. Applying these considerations to the question in hand, it appears 

that if the meteor density is such in one zone of the crape ring 

as to give a maximum of light, or bead, as seen in projection, this 

light falling away as the denser middle ring is approached, we cannot 

expect a further increase in density, such as we find in the outer part 

of the middle ansa, to result in a second maximum, unless we assume 

entirely different plans of distribution of the meteorites in the two 

places. In fact it is difficult to see how any light can be transmitted 

through the denser portions of the ring, in view of the degree of opacity 

which we are bound to attribute to the rings as a result of Barnard* s 

observation of the eclipse of Japetus,^ This observation, it will be 

recalled, consisted in estimating the brightness of the satellite while it 

was undergoing eclipse by the rings. As the satellite passed through 

the shadow of the crape ring, its light gradually faded away, to 

become rapidly extinguished when it entered the thickening shadow 

of the middle ring. At the time of this observation (November i, 

1889) the sun was shining upon the plane of the rings from an angle 

of elevation of II°IO^ The observation showed that the fainter parts 

of the middle ring are opaque for this angle of incidence, and it may 

reasonably be concluded that both the bright rings arc equally so 

throughout their entire extent. The bright beads were visible on 

October 19, 1907, on which date the angle of elevation of the sun was 

i^iy'. A ray of sunlight striking a particle on the dark surface would 

have to traverse a path within the medium composing the rings many 

times longer than that which was, or rather was not, traversed during 

T^ I, , . ^ , ,. , ... sin 11° 10' 

Barnard s observation of the echpse, the exact ratio beini]; — — 5 — ;- , 

or 8.6. The absorption in the denser part of the middle ring would 
be correspondingly greater, and it would seem impossible that the 
amount of light seen in the outer beads could filter through such 
a region. 

Bond sought to account for these phenomena on the basis of an 
opaque system, considering the outer beads to be the edges of the two 
bright rings seen through the Cassini division, and as the rings are 

^Monthly Xotice^, 50, 107, 1890. 
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practically opaque, it seems worth while to examine this suggestion 
somewhat critically. Bond's theory of the inner beads is weak, 
inasmuch as he assumes, for the purposes of his explanation, a division 
between the middle and crape rings, an assumption which is not 
tenable in view of Barnard's observation of the eclipse of Japetus. 
It is to be noted that, if his explanation of the outer knots is correct, 
a relation must be satisfied between the width of Cassini's division, 
the thickness of the ring system, and the position of the beads; or, 
to put it differently, if we assume the explanation to be the true one, 
we can form some idea of the thickness of the rings. The following 
rough computations were made before Professor Barnard's paper 
was published, and arc based on Professor Aitken's measures pub- 
lished in Lick Observatory Bulletin^ No. 127. In taking the mean of 
his results I have omitted the first observation of November 2, as it 
seems to have been affected by peculiar conditions. The means are 
as follows : 

Date 1907, November 6.8 

Distance of ])receding outer knot from limb of planet . . . 87376 
Distance of following outer knot from limb of planet . . . 8.145 

These di.slances, reduced to the mean distance of Saturn from the 
sun, are respectively 7''844 and 7 ''628, or referring the positions of 
the knots to the center of the planet' we have 

Distance of preceding knot from center of planet 16 ''7 4 J reduced to mean 
Distance of following knot from center of planet 16.53 \ fj!^,^ sun.^* 

Mean i6:'64 

Difference o''2i 

Suppose the planet to be close to opj)osition. Let o represent the 
elevation of the sun on the south side of the plane and © that of the 
earth above the other, then (Fig. i) U D be such a point that 

ID (tan O -ftan ®)=/ , (i) 

where / is the thickness of the ring, the ed,c;e of the outer ansa will be 
visil^k' partially at least between .4 and I), while that of the middle 
ansa will sliow between // and F, the line DF being directed toward 
the obser\er. If we could determine the ])Osition of the point D 

I Hariiiird'^ iiu'ii-urt.'.-> of the sysli-m of Saturn {Monthly Xotices, 56, 171, 1896) 
have been ux'd throughout tlii'^ discussion. 
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we could compute / at once. The illumination at D and F is slight, 
as the illuminated parts of the exposed edges are points at these places. 
I have therefore assumed that the point D is twice as far to the right 
of the center of intensity of the bead as A is to the left. We have then : 

Radius outer edge of Cassini's division 17 ''52 

Mean distance of knots . 16.64 

Probable distance out of inside edge of knots 14.88 

Let 

DCA=e°3indICA=e^y 
then 

14.88 



cos^°=- 



Similarly 



1752 
^=31° 50'. 

^ = 28° 53'. 



ID is therefore readily computed and equation (i) gives 

/= 0^042 , 
which corresponds to a thickness of slightly less than 180 miles. 




''•^TPT^ 




Fig. I Fig. 2 

For convenience let the bright edges AD and HF as seen in pro- 
jection be represented by aa and b^ respectively, a'a and ^^b being 
the corresponding edges on the outer side (Fig. i, upper j)art). If, 
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as has been presumed, the planet is at opposition and the rings are of 
uniform thickness throughout, the points a, /8, a' and /8' are all equi- 
distant from the center. Suppose now the sun to move to the right 
as indicated in Fig. 2. Under these conditions the symmetry of 
illumination is destroyed, with the result that the points a and a' 
(Fig. i) will move to the left, while /8 and /8' go to the right. To 
determine the amount of these motions, let / be the point on the 
periphery of ring B which corresponds to the new position of /8. Let 
IE be drawn toward the earth and 75 toward the sun. Designate 
by O and O' the points where these two lines cut the inner edge of 
ring A J draw CF through the center perpendicular to IE and CD 
perpendicular to IS. Further let 

a = FCD\ 

<I>'=ICF, 
4>o=0CF, 
^^ = ICD , 
^=0'CD , 

P, = CO . 
then 

/ = /0'tan 0+70 tan , 
I0'=p2 sin ^—Pi sin <I>> , 
I0=p2 sin <^°— p, sin <^» , 

COS <^** Pi cos ^ 
COS <^* P2 COS <^* ' 

These equations serve for the determination of <f>'=ICF, the solu- 
tion being effected by trial. The shift of ^ (Fig. i) to the right, 
which we shall call S^, may then be readily obtained from the expression 

S^=P2(cos <^' — cos^) . 
The displacements of each of the points a, a\ and ^' may be obtained 
by a set of equations similiar in form to the above group. The values 
determined, using Barnard's constants of the system, are 

Sa=-0.30, 

8^= +0.30, 
8;=-o.5i, 

» This is the ani^le iKtwt'en the earth and sun measured in the plane of the rings. 
The value ior November 0.8, 1907, as determined graphically with sufficient accuracy 
for present purposes, is 3 '^95. 
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where S^ and ^1 are the displacements of /8' and a' respectively. If 
the edges of the two rings were equally bright, we should expect the 
knots, due to the superposition of the bright lines on either side of the 
planet to maintain the symmetry of their positions with respect to the 
planet, but as the outer edge of ring B is much brighter than the inner 
edge of A the predominating motion in each knot must be toward the 
right from such a position. Further, the left-hand or following knot 
should be the brighter of the two. The amount of the dissymmetry 
introduced would be dependent on the relative brightness of the two 
edges, and also, to a great extent, on the relative thickness. In fact, 
if we suppose the bright outer edge of ansa B to be only slightly thicker 
than the inner edge of A, which is much the fainter of the two, the 
motion of the knots will be governed almost entirely by the motion of 
the points /8 and y8'. The actual difference in the distances of the 
knots from the center, as observed by Aitken, is 0^21, the following 
knot being brighter and closer in. 

It will be seen that the effect of the side illumination of the rings, 
as shown in Fig. 2, is to bring the beads closer together than they 
would be were the planet at opposition, and that this should have 
been allowed for in computing the thickness of the ring. Equation (1) 
by which / was computed is based on the supposition that the planet 
is at opposition, while the quantities which we substituted in it were 
obtained from measures made while the conditions indicated in 
Fig. 2 obtained. The value of / determined above should there- 
fore be slightly increased, and may be put at about o''o5, a 
quantity which agrees better with Barnard's measures of the outer 
beads. 

It may be remarked that a very good test of Bond's theory, as 
elaborated above, would be afforded by a complete set of measures 
of the knots, covering a larger range of values of the angle (o +©) 
taken without regard to sign. As this value increases, the knots 
should approach the planet, while if they are due to anything fixed 
on the rings their positions should remain constant. Barnard states 
that they have remained fixed throughout his observations, but it 
should be borne in mind that the quantities involved are small, and 
the observations to be determinative should be considered with refer- 
ence to the angle (o +©). Barnard's measures put the knots o''2o 
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closer in than do those of Aitken, and the difference may be due to 
some such cause. 

The foregoing comments are made, not in the belief that Bond's 
theory of the outer knots has by any means been proved, but merely 
to call attention to the fact that it accounts in a fairly satisfactory way 
for the phenomena observed, and may possibly furnish an independent 
means of determining the thickness of the ring system. 

In closing I may be permitted to suggest the necessity of considering 
many of the phenomena presented by Saturn's rings in connection 
with the relative positions of the earth, the sun, and the plane of the 
rings. It may readily be shown, for instance, that an extensive body 
of meteoric stones, most of which are large enough to cast shadows, 
may appear much brighter when exactly at opposition than when 
viewed from slightly to one side of the path of incident light, the 
increase being dependent, to a certain extent, on the density of the 
swarm. It would therefore be of interest to learn whether any vari- 
ation in the relative intensities of different parts of the ring system 
occurs when the planet approaches a point directly opposite the sun. 
For the exact realization of such a condition opposition must, of course, 
occur when the planet is at the node, though an opposition close to 
that position would doubtless suffice for the observation. It might 
also be worth while to note whether the crape ring is intrinsically 
brighter when the rings are narrow than when they open out, care 
being taken to allow for very obvious physiological effects tending to 
influence such an observation. In this connection the fact may be 
significant that the crape ring was independently discovered by three 
observers just as the system was opening out. It is not impossible 
that the increased amount of material which we must look through 
when the rings are narrow would cause what is ordinarily the outer 
zone of the crape ring to appear to be the inner one of the middle ring; 
in other words, the inner diameter of the middle ring may vary with 
the inclination of the rings to the line of sight. The writer is led to 
make these suggestions in view of the numerous changes reported 
in the appearance of the rings by many observers. 

Dr. Barnard makes the suggestion that the rings are self-luminous, 
but dismisses it with the statement that such a theory is not in keeping 
with the physical constitution of the rings. While this explanation is 
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perhaps not the most probable one, still it does not appear as though 
it should be thus summarily disproved of. It is not unlikely that there 
is, in the aggregate, a great amount of friction, collision, etc., between 
the bodies composing the system, and the heat thus generated might 
be sufficient to cause the feeble luminosity observed, both over the 
surfaces of the two dense rings, and in the knots. 
Mt. Hamilton 
March 1908 



ORBIT OF THE SPECTROSCOPIC BINARY OF 13 CETI 

By PHILIP FOX 

The observing programme of the Bruce Spectrograph, prepared 
several years ago by Mr. Frost, includes a list of visual binaries, the 
observation of which might be of especial interest, and in certain 
cases would lead to a determination of the parallax. In some in- 
stances one component has been further resolved into a spectro- 
scopic binary. Such a system is 13 Ceti (a=o^3o'°, S = — 4° 9', 
magnitudes =5. 5 and 6.2), of which the brighter component was 
found by Mr. Frost' to have a variable radial velocity with an approxi- 
mate period of two days. 

The parallax may be determined spectroscopically only where the 
relative velocity of the visual components is determinable, unless the 
absolute orbits of the components are known, as in the case of Sirius, 
Either the angular distance between them must be such that they 
can be observed separately with the spectrograph;' or, if closer, 
they must be of nearly equal brightness and must have such high 
relative velocity that the lines of the superimposed spectra are sepa- 
rated. For the problem of parallax determination the introduction 
of a spectroscopic binary into the system has both advantages and 
disadvantages. The orbit of the spectroscopic binary must be 
determined in order to get the velocity of the center of mass of this 
double component of the visual system. In a close pair, in case the 
spectra of both components of the spectroscopic binary are visible 
they may between them conceal the spectrum of the visual companion; 
but if only one spectroscopic component is visible then there might 
be a periodic'' unmasking of the lines of the visual companion. These 
might otherwise, on account of low relative velocity, never be seen, 
or it might be necessary to wait until the relative radial velocity at- 
tains a maximum, which would occur when the visual companions 
cross the line of nodes on the passage nearest periastron. 

The components of ij Ccti are always much too close to permit 

1 Astro physical Journal^ 25, 60, 1907. 

^ The limiting distance- for the Yerkes Observatory equipment is between 2" 
and 3". 

3 The interval would Ix- the [jcriod or semi-period of the si)ectroscopic binary. 
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the spectrograph to attack them separately. Although only one 
component of the spectroscopic binary records its spectrum and the 
case is thus favorable for periodically revealing the spectrum of the 
visual companion, it is not visible on the spectrograms, which, there- 
fore, do not furnish material for a determination of the parallax. 

If we view the system from another standpoint, considering not 
the effect the resolution of one component of the visual system 
into a spectroscopic binary has upon the parallax problem, but the 
effect that a third body at a varying distance has upon the elements 
of the orbit of the spectroscopic binary, we encounter problems of 
even greater interest. It is fortunate for the consideration of these 
problems that several of the visual binaries with double components 
are among those of short period. Of about a dozen whose periods 
are known to be less than thirty years, 13 Getty fc Pegasi, e Hydrae, 
and perhaps 85 Pegasi, have already been found to have as one of 
their visual components a spectroscopic binary. 

The spectrum of /j Ceti is of the solar type and well suitable 
for measurement, particularly with the Hartmann spectrocomparator, 
the instrument used in this investigation. Preliminary to the meas- 
urement certain solar spectra, to serve as fundamentals, were photo- 
graphed by Mr. Barrett. From these spectrograms, I chose one on 
a lantern-slide plate, which, though lacking in contrast, seemed most 
suitable otherwise. The iron and titanium spark supplied the com- 
parison sj)eclra, as with most of the spectrograms made here. After 
examining the plates carefully, I divided the spectrum into nineteen 
regions which more or less overlap. The data for the fundamental 
spectra were arranged in about the form which Hartmann uses.' 
The conversion factor, '^s'^ is given for each region, together with 
wave-length of its center. For the reduction of the measures by the 
short method, using the formula 



M, 



2^ 
s 



I have tabulated log S - for various limiting regions employed in the 
measurement. 

* Publicatiouen des astro physikalischen Ohservatoriutns zu Potsdum, Xr. 53, p. 31. 
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FUNDAMENTAL SPECTRUM 

Sun, April 12, 1907 
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Two of the plates were two-prism spectrograms. The card of 
data for the fundamental spectrum has the .same form as above. 
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The data for the eighteen spectrograms measured are given in the 
journal of observations. I need perhaps say that, because of the short 
period of the star, the dates were later corrected for the light-equa- 
tion. In the colunm giving the observer, F =Frost and B = Barrett. 
Mr. Sullivan assisted in guiding for all of the plates. In column n 
are recorded the number of regions compared for each plate. 

Using Schwarzschild^s method I have found the following elements: 
L^ = 2. 0818 days 

a) = 223?I 

e=o.o62 
/x = i72?9276 
T=-J.D. 2417484.482 
a sin 1'= 98 1 460 km 
^ = 34.35 km 
F=io.5 km. 

I give, for convenience of reference, Aitken's recently pubUshed' 
elements of the visual binary 13 Cell: 

P = 7-42 
7=1905.28 
^ = 0.74 

fl=o''2l4 

<^ = 5i-75 
fl=50?4o 
•/= ±48^05 
Angles increasing. 
As the spectroscopic system is moving about the center of mass of 
the visual binary in an elli])so of great eccentricity, there may have 
been a sensible change in its velocity between the autumn of 1906 and 
of 1907. This chani!;e may have been large enough to affect consid- 
erably the elements given above. In the accompanying velocity-curve 
computed from the elements given above I have indicated the obser- 
vations for 1906 with crossed circles. For neither year was the num- 
])er of observations sufficient for a separate determination of the orbit. 
When the parallax of the star is known, the relative radial velo- 
cities of the visual companions can be computed by the formula of 
Lehmann-Filhes.-' 

I Lick Observatory Bulletin^ 110, January 24, 1907. 
^ .4. .v., No. 7,^7,2, 139, 30S, i8y6. 
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R a" fjL sin i(cos u-\-e cos w) 

864000 sin TT ^" j/ i_^2 

Assuming a parallax, p" =0^01, the relative radial velocities for the 
two years are as follows: 





Epoch 


! > 1 


V 


K 


aa: 


1006.80. . 




.... i.6iyr 


n/-9 

167. 1 


42.8 km 
304 




1907.85.. 




2.57 1 


12.4 km 



If the components are of equal mass we w^ould need to displace 
the second set of observations up or down' on the velocity curve by 
6 . 2 km. In view of the large proper motion of 13 Ceti, given by 
Auwers as 0^397, the parallax is probably greater than ofoi. In 
the distribution of masses in the system the brighter component, the 
spectroscopic binary, probably takes the larger part. Presumably, 
then, the variation in the radial velocity, AiC, of the spectroscopic 
system between these years is considerably less than 6 . 2 km and is 
probably insensible. 

Of the various perturbations which the third body will produce 
on the spectroscopic binary some will probably be great enough to be 
appreciable. The period, U, should be noticeably longer at perias- 
tron than it is now, when near apastron. The great eccentricity of 
the visual orbit will be a powerful factor here. It may be possible 
to detect the revolution of the line of apsides, although this may be 
masked on account of the small eccentricity of the spectroscopic 
orbit. However, there may be a considerable change in the eccen- 
tricity. It will be essential for a study of the perturbations to secure 
plates at several epochs for separate determinations of the spectro- 
scopic orbit. 

I hope to secure enough plates in the autumn of 1908 to make 
a new determination of the orbit. The spectro.scopic binary will 
then be at the apastron of the visual orbit, 1908,99, and the period 
will be at its minimum. The following year, at 1909.98, the motion 
will be parallel to the line of nodes and the observed velocity of the 
spectroscopic binary system will be the radial velocity of the visual 
.system. In 1912,58 the spectroscopic binary will pass the node 

* The sign is not yet determinable. 
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nearest periastron, whether ascending or descending is as yet unknown, 
and the visual components will have their maximum relative radial 
velocity. In 1912.70 it will be at periastron and will have its maxi- 
mum period. In 1912.87 it will again be moving parallel to the 
line of nodes and the visual components will have zero relative 
radial velocity. In 1913.44 it will again cross the line of nodes. In 
moving the 180° between ft)+t'=o° and a)-l-i; = i8o°, accomplished 
in o. 86 year, the change in relative radial velocity of the components 
of the visual system is very rapid and plates for a determination of 
the orbit must be secured within an interval of a few days. It will 
eventually be possible to correct each observation for the motion of 
the spectroscopic binary system. It may be that to assure the neces- 
sary number of plates for a determination of the orbit at such a 
critical time as the periastron passage, the co-operation of other 
observers must be sought. 

I wish in conclusion to acknowledge my indebtedness to Professor 
Frost for his advice and assistance in the investigation of this orbit. 

Yerkes Observatory 
April 17, 1908 



NOTE ON THE PHOTOGRAPHY OF VERY FAINT. 
SPECTRA 

By R. W. wood 

It is a well-known fact that photographic plates require the action 
of a certain amount of light before any image can be developed, or 
rather that a plate can be exposed for some little time to a very dim 
light and still yield no image. It has been proposed on this account 
to fog plates slightly which are to be used for securing records of 
feebly illuminated objects, by a preliminary exposure to a v^ery feeble 
light, but so far as I know the method is not generally used. Having 
recently used it with very great success, I think that it is worth bring- 
ing anew to the attention of those engaged upon the work of 
photographing weak spectra. In the work upon which I am now 
engaged, the photography of the resonance spectra of sodium vapor, 
excited by monochromatic radiations, with a large concave grating, 
exposures of twenty-four hours are neces- 
sary, and even then many of the lines 
are so faint as to be barely discernible 
on the plate. I am convinced that the 
action can be doubled, or the exposure 
time necessary to secure a given result 
cut in half, by a judicious use of the 
method. 

As is well known, the curve represent- 
ing the action of the light on the [)late 

with the time is of the form shown in Fig. i, the darkening of 
the plate being represented by the ordinates, and the times of 
exposure by abscissae. Preliminary exposure to feeble light carries 
the plate to the point where the curve begins to rise rapidly (x), and 
it is obvious that the exposure to the faint spectrum should be made 
to come on this part of the curve. It is first necessary to find out 
just what exposure is necessary to bring about this result. This 
can be done in a few minutes in the following way. A gas flame is 
turned down until the yellow tip is only three or four mm high, and 
a plate held at a certain distance from it, covered with a sheet of 
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black paper. The paper is now drawn aside step by step, exposing 
the plate in sections, the steps being made every two seconds. The 
plate is now developed, care being taken to push the development 
as far as possible. 

Personally I favor glycin, and develop for fifteen or twenty minutes 
in a rather strong developer. By counting the number of strips 
which appear on the plate, it is possible to determine how long the 
exposure must be to secure a given action. I find that the best 
results are obtained by giving an exposure which will yield a faint 
image, say the time given for the recording of the second strip. A 
little experimenting is of course necessary before the best results are 




Fk;. 



secured. With a llamc of the size described, this time is four seconds 
with the philc al a distance of about two meters. It is immaterial 
whether this exposure is made before or after the exposure of the 
plate to the spectrum. 

I tested the method in the following way, and any experimenter 
can convince himself of the gain derived, by repeating the experi- 
ment. A nitro<^c'n vacuum tube was ])laced in contact with the slit 
of a large three-prism sj)ectr()graph, great care being taken to secure 
an even illumination of the entire slit. The i)late was exposed for 
five minutes, which was known to be far too short a time for securing 
a salisfaclorv record of the bands. After the exposure the plate w^as 
removed from the holder and the lower half covered with black 
pa])er. The upper half was then exposed to the small gas flame for 
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four seconds, and the plate developed to its utmost limit. The result- 
ing picture is reproduced in Fig. 2, the portion "a" being the part 
which received the subsequent illumination. In the portion "6," 
which was screened, there appears only one strong line and a trace 
of the head of the band, while on the strip a the entire band appears, 
and in addition a number of lines to the right of the strong line, of 
which there is not the slightest trace in the lower portion of the 
picture. These lines I have marked with dots in case they fail to 
appear in the reproduction. The beneficial effect of the preliminary 
exposure of the plate to light can be well show^n by exposing the plate 
under a screen which is moved laterally a few millimeters, say every 
two seconds. The plate Is then turned through a right angle and the 
process repeated. 

We may call one set of strips our *^ picture," the other set a series 
of progressively increasing fogging exposures, and we can determine 
in this way the effect of altering the duration of the " sensitizing 
light bath." It will be found that the number of strips which can 
be counted in the " picture " increases wnth the duration of the pre- 
liminary exposure up to a certain point, after which the action of the 
latter becomes rapidly detrimental. In the plate sent herewith' 8 
strips can be counted on the unfogged portion and 15 on the 
correctly fogged part. As a result of these experiments I now 
treat all of my spectrum photographs in this way, and find that it 
reduces the time of exposure necessary by fully one-half. A very 
small electric lamp, operated by a storage cell, would be preferable 
to the gas flame. 

Johns Hopkins Univf.rsity 
March igoS 

I Too faint for .successful n-production. — Eds. 



ANNOUNCEMENT OF GENERAL INDEX TO 
VOLUMES I-XXV 

A general index to the Astrophysical Journal^ arranged both by 
authors and by subjects, covering Vols. I to XXV inclusive (Januar)* 
1895 to June 1907), has been compiled by Mr. Storrs B. Barrett, 
librarian of the Yerkes Observatory. The material forms a volume 
of 136 pages conforming to the size and style of the Journal and is 
bound in pajxT. The execution of the plan, which was proposed 
more than a year ago, has been unavoidably delayed, but subscrip- 
tions filed in advance are now Ixing filled and others desiring the book 
should order at once from The University of Chicago Press. The 
price is $1 . 50 ix)stpaid. European subscriptions will be filled through 
Messrs. William Wesley & Son, 28 Essex Street, Strand, London, 
England, and future foreign orders should ho sent to this address 
(price 65. 6r/.). Free copies cannot be supplied, either for periodicals 
received in exchange for the Astrophysical Journal^ or otherwise. 
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